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Abstract
The bioanalytical industry is projected to generate $36 billion by 2025, with the United
States currently holding 80.9% of the consumers’ market. Among the bioanalytical platforms,
point-of-care (POC) and point-of-use diagnosis (POU) have gained a lot of attention due to their
emphasis on decentralized testing and providing low-cost solutions in resource-limited regions.
While Traditional bioanalytical tools such as enzyme-linked immunosorbent assay and flow
cytometry can sensitively detect biomolecules and screen single-cell response, they suffer from
multiple drawbacks such as the high cost of antibodies and time-intensive procedures, which limit
their ability to expand to POC/POU applications. Rapid developments in microtool technologies
and nanoscience over the past decade have resulted in the integration of biocompatible rare earth
(RE)-based nanoparticles (NPs) in microfluidics systems as alternatives to traditional analytical
methods. Therefore, this work aims to utilize RE-doped NPs for two biomedical applications,
single-cell analysis, and biosensing, that can benefit from POC/POU testing systems.
For the single-cell screening application, the use of spectrally independent RE-doped NPs
as droplet trackers in a microfluidic trapping array has been described with potential POC
applications in personalized medicine. The synthesized RE-doped b-NaYF4 NPs were successfully
characterized for structure, morphology, spectral properties, and biocompatibility. A series of
single-cell and NP co-encapsulation studies were performed in a microfluidic droplet trapping
array to confirm the spectral independence of RE-doped NPs with green fluorescent protein (GFP),
red fluorescent protein (RFP), and ethidium homodimer-1 (EthD-1). The droplet microfluidic
system was then upgraded to a multi-input design to add the multiplex capability to the screening
platform. Simultaneous generation of monodisperse droplets was achieved through the
characterization of the fluid flow from each inlet. A gravity-driven flow was incorporated for
ix

droplet generation in three separate T-junctions to bypass the need for multiple syringe pumps.
The relation between the droplet size and the oil-to-water flow ratio (F) was assessed in both
gravity-driven flow and syringe pumps, where the droplets' size was inversely proportional to F.
The fully characterized multi-input droplet microfluidic platform combined with spectrally
independent RE-doped NPs has the potential to be employed in single-cell drug screening
applications in POC settings.
To develop a biosensing platform suitable for POU applications, this work started with
designing a RE-doped core-shell YVO4 nanoarchitecture to understand the underlying physical
principles of energy transfer harnessed as a new biosensing approach. The effects of separating
Bi3+ from Eu3+ ions were studied to develop nanomaterials responsive to the changes in the surface
electric dipoles. Depending on the nature of the electric field, it was demonstrated that the energy
levels of Bi3+/VO43- ions at the surface of the NPs could be modified to achieve dynamic optical
properties. This physical phenomenon was then utilized in developing a fluorescent NP biosensor
for sensitive detection of avidin. Using the specific interactions between biotinylated NP biosensor
and avidin, the detection technique offered high selectivity and sensitivity without analyte labeling.
The NP biosensor also exhibited good resistivity to complex biological matrix effects, and it was
able to predict the avidin concentration using the generated calibration curve. It is believed that
the label-free and low-cost NP biosensor can be easily functionalized with a variety of receptors
for sensitive detection of small biomolecules in POU diagnosis settings.

x

Chapter 1. Introduction
1.1. The Need for Bioanalytical Tools Compatible with Point-of-Use and Point-of-Care
Platforms
The bioanalytical industry is estimated to generate $21.17 billion in the United States in
2020 and projected value of $36 billion by 2025 (Kaushik 2019). Currently, the United States
(80.9% of world-wide market in 2017) and Germany (25% of the European market in 2017) hold
the highest consumer markets for the bioanalytical tools (Kaushik 2019). The growth of
bioanalytical industry is partly due to the heavy reliance of modern medicine on biomolecular
information for diagnosis and monitoring the progression of diseases (McKeating, Aube et al.
2016). While new technologies are being continually developed for different small and large
molecule detection, there is still a significant need for new analytical methods capable of the rapid
monitoring, detection and quantification of biomarkers, toxins, drug efficacy, and other
environmental and industrial factors involved in human health over the past few years (Gubala,
Harris et al. 2012, Malon, Sadir et al. 2014, Olaru, Bala et al. 2015). Currently, bioanalytical tools
such as polymerase chain reaction (PCR), enzyme-linked immunosorbent assay (ELISA), flow
and mass cytometry are the most common approaches used for single-cell drug screening and
biomolecular sensing in research laboratories offering low limit of detection (LOD, pM-fM). PCR
is a simple and highly sensitive enzymatic assay, which allows for the amplification of specific
fragments from a complex pool of DNA. However, PCR is highly prone to contamination and it
requires prior sequence information (Garibyan and Avashia 2013). ELISA is another highly
sensitive biochemical assay that uses antibodies and an enzyme-mediated color change to detect
the presence of either antigen (proteins, peptides, hormones, etc.) or antibody in small amounts of
sample (Gan and Patel 2013). While effective, ELISA often requires multiple incubation and
washing steps, utilizes expensive antibodies, and is prone to creating false positives and negatives
1

(Dasilva, Diez et al. 2012, Terato, Do et al. 2014, Goodwin, McPherson et al. 2016). Apart from
RNA sequencing, PCR and ELISA cannot identify and analyze rare, low occurrence subsets of
cells that account for the heterogeneous nature of the disease (Howes, Chandrawati et al. 2014).
This is due to the implicit averaging of parameters in the measurements, which masks the distinct
phenotypic state of these rare incidents (Chattopadhyay, Gierahn et al. 2014). Resolving specific
classes of traits at the single-cell level (spatial heterogeneity) has been made possible using a
combination of high-throughput flow cytometry and downstream processing, often fluorescenceactivated cell sorting (FACS) (Bonner, Sweet et al. 1972). In flow cytometry, a sample stream
containing cells is hydro-dynamically focused into a line of single cells, which can be
independently analyzed via optical or impedance measurements. FACS can simultaneously
quantify of up to 20 parameters in single cells based on specific light scattering and fluorescent
characteristics of each cell (called fluorescence-cell barcoding) (Newell and Cheng 2016). While
flow cytometry has helped to revolutionize the field of single-cell analysis, it is limited by spectral
crosstalk between fluorescent-cell barcodes, its inability to provide temporal heterogeneity
resolution, large sample size, high cost, and the size of the instrument. Some studies have also
shown adverse effects on cellular viability, which has motivated scientists to look for alternative
methods (Muller and Nebe-von-Caron 2010). Mass cytometry is one such example where
biological samples are independently labeled with a unique combination of lanthanide isotopes
(called mass-tag barcoding) to eliminate the spectral overlap between different channels (Spitzer
and Nolan 2016). However, mass cytometry is limited by its throughput, inability to sort cells
during analysis, high cost, and low SNR (Schneider, Kreutz et al. 2013, Chattopadhyay, Gierahn
et al. 2014).
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Bioanalytical tools can be divided into point-of-care (POC), point-of-use (POU), and
laboratory-based diagnostics platforms. POC applications consist of low-cost platforms that are
typically operated by a technician in doctor’s office or clinic without the need for sending the
patient sample to a centralized laboratory setting. POU tests take this one step further and eliminate
the need for a technician so that the test can be performed by the patient at the comfort of home.
The market for POC/POU monitoring platforms has grown rapidly in contrast to the lower rate of
development of new devices in the laboratory-based sensing (Kaushik 2019). There are several
technical reasons for this shift toward POC/POU applications: 1) The measurements are done
rapidly, typically on site, and without the need for samples to travel to a laboratory to be analyzed
by a skilled technician. 2) POU tests are often self-administered, providing the patients with more
control over managing their condition (Gubala, Harris et al. 2012), reducing the frequency of
hospital visits, lost work time, and travel expenses. 3) The cost of the POC/POU platforms is much
lower than those of the conventional laboratory methods, and subsystems cleaning are often not
needed since the samples are not in direct contact with the signal reader. For example, the lowest
cost for a RT-PCR test for Ebola virus is ~$129 per test kit (Yetisen, Akram et al. 2013), compared
to POU test such as Immuno-chromatography (IC)-based rapid (RDT) assays (QuickNaviTMEbola), which costs ~$10-20 (Makiala, Mukadi et al. 2019). Conventional methods such as ELISA
and PCR are incompatible with the growing need for POC/POU diagnostics according to the set
of criteria summarized by the acronym ASSURED (Affordable, Sensitive, Specific, User-friendly,
Robust and rapid, Equipment-free, Deliverable), proposed by the World Health Organization
(WHO, Table 1.1) (Pai, Vadnais et al. 2012). Advances in nano- and micro-technologies have
resulted in improved functionality and performance of biosesensors, that can be integrated in
POC/POU platforms (Sasso, Suei et al. 2014, Ciuti, Ricotti et al. 2015, Bhalla, Jolly et al. 2016).
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With the development of novel lab on-a-chip and microfabrication techniques, the complex
analytical processes requiring large and costly equipment, have been translated into portable
devices (Capitan-Vallvey and Palma 2011, Nahavandi, Baratchi et al. 2014). In particular, recent
advancements in microfluidics and 3D printing technologies, has resulted in low-cost and effective
detection systems. Additionally, these platforms allow for integration of functional nanomaterials
and different biosensor surface functionalization techniques. The microfluidic biosensors
combined with nanomaterials are estimated to continuously grow in the coming years (Kaushik
2019); however, like any other new technology they face potential hurdles. For instance, such
systems must be sensitive enough to detect biomarkers in low quantities in complex biological
fluids such as blood, serum, or environmental samples, such as fresh water. Moreover, sensor
lifetimes should be months, if not years, for storage purposes. Finally, ideally biosensors need to
be capable of multiple biomarker detection to allow for simultaneous measurements.
Table 1.1. Summary of the characteristics of the POU diagnostic platforms and target
specifications proposed by WHO.
Characteristic

Target Specification

Affordable

less than 10 USD per test

Sensitivity
Specificity

LOD: 500 HIV RNA copies per mL

User-friendly

1-2 days of training

Rapid and
Robust

<30 minutes’ diagnosis,
shelf life >1 year

Equipment-free

Compact, battery powered,
on-site data analysis, easy disposal

Deliverable

Portable, hand-held

4

1.2. Droplet Microfluidics as POU-Friendly Single-Cell Analysis Platforms to Study the
Cancer Heterogeneity
Cancer has been identified as the second leading cause of death in the United States and is
a critical public health issue worldwide (Siegel, Miller et al. 2018). In 2018, 1,735,350 new cancer
cases were estimated, out of which 609,640 are projected to lead to death in the United States alone
(Siegel, Miller et al. 2018). The dynamic nature of cancer and its continues evolution result in
tumors that contain a diverse population of cells with distinct molecular signatures that leads to
challenges in diagnostics and treatment. Tumor heterogeneity can be categorized into inter-tumor
and intra-tumor heterogeneity, at the population level. Inter-tumor heterogeneity is defined as
heterogeneity between patients having tumors of the same histological type, which has been
recognized for a long time and is believed to be due to patient-specific factors including genetic
variations, environmental factors, and variations in somatic mutation profile (Dagogo-Jack and
Shaw 2018). Intra-tumor heterogeneity includes either an uneven distribution of genetically
distinct tumor cell subpopulations across tumor sites (Figure 1.1A) or time-dependent variations
in the molecular composition of cancer cells (Figure 1.1B) (Dagogo-Jack and Shaw 2018). This
results in initial/developed resistance to generic therapeutic approaches that requires an in-depth
assessment of heterogeneous nature of tumor, highlighting the current understanding of cancer as
a dynamic disease, instead of a molecularly stagnant one. The intra-tumor heterogeneity is the
driving force behind cancer evolution and fostering drug resistance as evident in the findings of
various research studies across a wide range of cancer types (Juric, Castel et al. 2015, Russo,
Siravegna et al. 2016, Jamal-Hanjani, Wilson et al. 2017). Thus, a comprehensive understanding
of tumor dynamics at a single-cell level is crucial for developing more personalized and durable
therapeutic strategies.
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A)

B)

Figure 1.1. A conceptual schematic of differences between spatial (A) and temporal (B) intratumor heterogeneity. Reproduced from (Dagogo-Jack and Shaw 2018).
To tackle the heterogeneous and dynamic nature of cancer, new single-cell analysis and
biomarker detection methods, suitable for POC applications, are being developed to replace the
conventionally employed flow cytometry-based systems. More specifically, advances in the
fabrication of microscale platforms have enabled the precise manipulation of single-cells at low
cost, which are demonstrated by two different types of devices: microfluidic devices and
micro/nanoliter well arrays (Lindstrom and Andersson-Svahn 2010, Yin and Marshall 2012). Due
to the nature of experimentation and analysis steps, these platforms can only be utilized in POC
settings by a trained technician. Microtools for POC possess many advantages, including low
amount of used reagent, ease of fabrication, continuous target analyte monitoring, and short
response time (Rackus, Shamsi et al. 2015). These microtools can contain and manipulate
microliter-sized volumes of clinical samples (e.g., urine, blood, biopsy, saliva), which allows for
a direct comparison of functionality and phenotypic responses of cells in the context of the disease
(Mashaghi, Abbaspourrad et al. 2016). Another unique feature of these devices is their ability to
spatially locate single cells for time-dependent measurements using fluorescent microscopy.
Applications include quantifying cellular motility (Khorshidi, Vanherberghen et al. 2011),
6

cytotoxicity (Schiffenbauer, Kalma et al. 2009, Varadarajan, Julg et al. 2011), cellular morphology
(Frisk, Khorshidi et al. 2011), cellular proliferation (Zaretsky, Polonsky et al. 2012), protein
secretion (Zhu, Stybayeva et al. 2009, Lu, Chen et al. 2013), and cell-surface markers (Han,
Bagheri et al. 2012).
Droplet microfluidics is an evolving subset of microfluidic devices that allow for precise
control of the local environment around cells, where an aqueous flow is segregated into discrete
droplets traveling within a continuous immiscible carrier fluid (e.g., oil) to encapsulate single cells
within picoliter-sized aqueous droplets (Collins, Neild et al. 2015). Using this method, the reaction
volume is significantly reduced, which is an important factor when using high-value reagents such
as enzymes or DNA. Finally, the ability to control the location and duration of discrete fluid
volumes is enhanced and long term cell culture is simplified by preventing adhesion between
encapsulated cells or to device features (Um, Rha et al. 2012, Sesen, Alan et al. 2014). The channel
geometries required to reliably create droplets has been developed more than a decade ago (Anna,
Bontoux et al. 2003), including the T-junction (Figure 1.2 A), flow focusing (Figure 1.2 B), and
co-flowing structures (Figure 1.2 C) (Baroud, Gallaire et al. 2010), with occasional variations such
as the V-junction or dual T-junctions (Hong, Choi et al. 2010, Ding, Solvas et al. 2015). The
underlying principle of operation for each of these geometries, however, is the same: an interface
is created between two immiscible fluids where one fluid self-segregates into discrete droplets that
are surrounded by the second fluid. The surface energies of the immiscible fluids along with the
microchannel geometry govern the formation of the dispersed and the continuous phases (Mazutis,
Gilbert et al. 2013). In most cases, such as when using hydrophobic polydimethylsiloxane (PDMS)
channels and oil/aqueous fluids, the aqueous phase disperses, although it is possible to initiate
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phase inversion through hydrophilic modification of the channel walls (Bauer, Fischlechner et al.
2010).
Physical parameters that determine the properties of droplet generation can be summarized
by the capillary number:
𝑪𝒂 =

𝝁𝑼

Equation 1.1

𝜸
*

-

+

*

where 𝜇 (Pa.s) is the viscosity, U ( ) is the velocity of the continuous phase, and 𝛾 ( ) is the
surface tension of the oil-water interface. Increasing the capillary number will change the flow
regimes from squeezing to dripping to jetting (Figure 1.2) (Christopher and Anna 2007, De
Menech, Garstecki et al. 2008). In the surface-tension dominated squeezing regime (Figure 1.2 D),
droplet pinch-off is driven by the pressure differential behind and in front of a confined extension
of the fluid interface, where the resultant pinched-off droplet size is proportional to the flow rate
ratio of the dispersed and continuous phase. At higher Ca numbers, droplet breakup and droplet
A)

D)

B)

C)

E)

F)

Figure 1.2. Droplets are produced using T-junction (A) flow focusing (B), and co-flowing
structures (C) geometries in the squeezing (D), dripping (E) and jetting (F) regimes with
increasing capillary number, respectively. Reproduced from (Collins, Neild et al. 2015).
size are shear-dominated (in the dripping regime, Figure 1.2 E) with a smaller pressure differential
on either side of the droplet than in the squeezing regime. In this regime, droplet size is inversely
proportional to the increasing Ca, with a reduced dependence on the flow rate ratio. Finally, in the
jetting regime, droplet breakup occurs as a result of Rayleigh–Plateau (Figure 1.2 F) instabilities
8

along a fluid thread in viscosity-dominated flow (Christopher and Anna 2007). Droplet generation
occurs passively, where the force driving fluid flow on-chip is an externally driven pressure source,
such as a syringe or pressure-driven pump. Because such macroscopic pressure sources are located
at distances from the device that are orders of magnitude larger than the channel length scale, it is
difficult for the flow rates at the droplet forming geometry to be anything but continuous, thus
resulting in continuous droplet production where the rate of individual droplets that are produced
is a function of the fluid flow rates and the specific channel geometry and dimensions. There are
methods for active generation of droplets, so that droplet production can occur on-demand with
the application of an active, short-duration pressure source (Park, Wu et al. 2011, Collins, Alan et
al. 2013). As the timing, amplitude, and duration of a pressure pulse can be arbitrarily set, such
on-demand methods have the advantage of producing droplets of similarly arbitrary size and
intervals.
Utilizing droplet microfluidics for single-cell applications is gaining great interest, since
such platforms allow for monitoring phenotypic and genetic heterogeneity of cell populations in
an facile and accurate manner (Zhang, Wang et al. 2017). The majority of the research on cell
encapsulation has been focused on passive droplet generation methods using external pressure
sources (syringe or pressure-driven pumps) (Amini, Lee et al. 2014, Martel and Toner 2014, Rang,
Park et al. 2014). As the number of cells per droplet volume can significantly affect the viability
of a particular process, it is strongly desirable to have a measure of control over this parameter.
Although cells randomly arrive at the droplet formation junction, it is possible to estimate the
encapsulated single cells percentage according to the Poisson distribution (Collins, Neild et al.
2015), given by
𝒑(𝒌, 𝝀) =

𝝀𝒌 𝒆4𝝀

Equation 1.2

𝒌!
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where k is the number of particles in a droplet and l is the average number of cells per droplet
volume. Figure 1.3 A shows the Poisson distribution for different cellular concentrations as
measured by l. The average number of cells per droplet will increase proportionally with cellular
concentrations, with a maximum number fraction centered on λ – the distribution eventually
approximates a Gaussian distribution with mean and variance of λ (as λ → ∞). For the range of
cell concentrations used in single cell encapsulation (λ < 1), there is substantial variability in the
number of cells that a given droplet might contain. A more useful representation of the distribution
examines the proportion of droplets that contain a certain number of cells according to the
parameter that the experimentalist can arbitrarily vary, such as l. Solving p(k, l) for the proportion
of droplets that contain one cell (k = 1) and the proportion of cell-containing droplets that contain
B)

A)

Figure 1.3. The Poisson distribution as a function of (A) the number of particles in a droplet, k,
and (B) the average number of cells per droplet volume, λ. Reproduced from (Collins, Neild et
al. 2015).
exactly one (k = 1|k ≥ 1), Figure 1.3 B shows the operational cell concentration range for singlecell encapsulation. The throughput of encapsulated single cells is maximized when l = 1, where
1/e (∼37%) of droplets contain single cells.
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After encapsulating single-cells inside the droplets, on-chip trapping systems are required
to dynamically analyze the relevant study parameters. On-chip downstream processing of the
generated droplets falls into two categories - mobile droplet arrays (MDAs) and static droplet
arrays (SDAs) (Pompano, Liu et al. 2011). In mobile droplet arrays, droplets are continuously
produced using microfluidic methods and flow past a detector. MDA methods have difficulties
with indexing droplet position, acquiring time-lapse data for long duration experiments, and
require expensive fiber optics/camera (Sun, Bithi et al. 2011). Unlike MDAs, double layer SDAs
mimic multi-well plates with the distinction that nanolitre to picolitre-scale droplets are stored at
predefined locations (Du, Sun et al. 2010). This method allows simultaneous monitoring of many
individual reactions in droplets over a wide range of timescales. Sample evaporation is also
reduced significantly in an enclosed substrate. Moreover, the droplet position is indexed if further
manipulation is needed. Droplet-based microfluidic systems are valuable tools for various
applications, such as single-cell analysis (He, Edgar et al. 2005), complex multistep biological and
chemical assays (Mazutis, Araghi et al. 2009), diagnostics (Pekin, Skhiri et al. 2011), DNA
sequencing (Tewhey, Warner et al. 2009), drug screening (Miller, El Harrak et al. 2012), and
directed evolution experiments (Kintses, Hein et al. 2012). Depending on the application, passive
or active single cell encapsulation methods are used. However, the downstream droplet
manipulation and analysis remains a challenge due to labor intensive and time-consuming methods
are being used.
1.3. Luminescent Properties and Biomedical Applications of Rare Earth-Doped
Nanoparticles
Developing platforms for POC/POU testing is important in the case of conditions requiring
rapid medical action, such as continuous monitoring of biomolecules in clinical applications
(Rogers and Boutelle 2013), and measurements in remote or resource-limited regions of the world
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(Meredith, Quinn et al. 2016). Optical NP biosensors have the potential to provide an immediate
solution to clinical chemistry and be easily integrated into both POU and POC testing systems
(Justino, Rocha-Santos et al. 2010, Zhang, Guo et al. 2016). Several optical-based techniques have
been developed to bypass the challenges encountered with traditional bioassays (Russell,
Domenech-Sanchez et al. 2017)-(Chang, Kang et al. 2016). Specifically, a growing body of optical
sensors utilize the FRET effect where the sensor sensitivity is highly dependent on the structure
and efficiency of the fluorophore energy donor (Suzuki, Husimi et al. 2008, Gao, Lian et al. 2014,
Shi, Tian et al. 2015). However, regardless of the type of energy donor/acceptor, the majority of
FRET-based assays require fluorescent labeling of the target analyte, which limits their application
in POC/POU settings (Li, Jeon et al. 2011, Leavesley and Rich 2016). Luminescent materials, also
called phosphors, are defined as solids that can absorb and convert certain energy types into
radiation of light. RE elements usually exist as trivalent cations and are composed of the 15
lanthanides (from lanthanum to lutetium), plus scandium and yttrium. The RE elements’
luminescence can be divided into upconversion (UC) and downconversion (DC) processes based
on the luminescence mechanism (Figure 1.4). The electrons can directly transition from the ground
state to the higher-level state, when they get excited by the light with the appropriate energy
(Figure 1.4 A). It is also possible to activate the RE ions by means of energy transfer (ET, Figure
1.4 B) or charge transfer (CT, Figure 1.4 C) from another dopant or chemical group. In UC
processes, the RE ion absorbs two or more lower-energy photons and emits a single higher-energy
photon (Figure 1.4 E) resulting in optical properties such as a high signal-to-noise ratio (SNR),
low autofluorescence, large anti-Stokes’ shifts, narrow emission peaks, and high photostability,
which make them ideal candidates for long-term bioimaging (Jalil and Zhang 2008, Xu, Svensson
et al. 2008, Yu, Li et al. 2009). DC processes are defined by the conversion of high energy photons
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A)

B)

C)

D)

E)

Figure 1.4. Schematic energy level diagram for different luminescence processes of the RE
elements. (A) Direct excitation, (B) energy transfer, (C) charge transfer, (D) quantum-cutting
downconversion, and (E) upconversion. GS = ground state, ES= excited state, NRE = nonradiative de-excitation. Reproduced from (Sharma, Mudring et al. 2017).
to lower energy photons (Figure 1.4 D). DC nanoparticles (DCNPs) consist of an inorganic host
crystal, a RE ion dopant (activator), and sometimes a sensitizer, which is co-doped into the host.
RE fluorides (Li, Zhang et al. 2009), vanadates (Xu, Kang et al. 2010), oxides (Si, Zhang et al.
2007, Dorman, Choi et al. 2012), and phosphates (Dorman, Choi et al. 2012, Rodriguez-Liviano,
Aparicio et al. 2012) are among the most commonly used host matrices in DCNPs, while DC
activators include Eu3+, Tb3+, Sm3+, and Dy3+ (Gai, Li et al. 2014). These dopants can directly get
excited upon UV illumination and emit in the visible region of light from blue to red. DCNPs are
excited by ultraviolet (UV) light and are generally employed for in vitro studies rather than in vivo
since the continuous usage of UV light can initiate cellular/genetic damage (Gai, Li et al. 2014).
Coupling RE photoluminescence (PL) imaging with other imaging techniques such as magnetic
resonance imaging (MRI) (Kumar, Nyk et al. 2009), computed tomography (CT) (Xing, Bu et al.
2012), single-photon emission tomography (SPECT) (Yang, Sun et al. 2013), and positron
emission tomography (PET) (Sun, Yu et al. 2011), has allowed for new applications in cancer
diagnostics. In addition to cancer diagnostics, RE PL has been employed for detection of different
13

biomolecules such as DNAs (Wang, Li et al. 2009), proteins (Dosev, Nichkova et al. 2005), and
enzymes (Soukka, Rantanen et al. 2008).
The two critical features of inorganic RE-based nanomaterials used in biological
applications are the relatively simple synthesis and doping of the host crystal and the host material's
biocompatibility. Therefore, RE-doped oxide or fluoride host materials are typically employed due
to their high stability in room conditions and allowing for homogeneous RE-ion doping inside the
host matrix. RE metals’ luminescence stems from their rich f-orbital configurations resulting in
extremely sharp emitting phosphors due to their intra-4f transitions (Figure 1.5) (Dieke and
Crosswhite 1963). The filled 5s25p6 sub-shells in RE ions shield the 4f orbitals, resulting in welldefined energy levels that are relatively unaffected from variations in the surrounding chemical
environment (Eliseeva and Bunzli 2010). However, the direct excitation of RE ions (pure state) is
an inefficient process due to the low probability of 4f orbital transitions, which are regulated by
certain selection rules, preventing electron transitions between some energy levels (Eliseeva and
Bunzli 2010). By doping the RE ions into a host crystal, the RE atoms become ionized, resulting
in splitting the 4f energy levels into multiple levels within the same energy level, a process that is
known as Stark splitting (Wisser, Chea et al. 2015). The degeneracy of the energy levels decreases
as the spitting becomes more dominant, causing lower total energy of the system and introducing
new terms into the total angular momentum of the energy levels, bypassing the parity selection
rules. As previously mentioned, both UC and DC processes happen due to the radiative relaxation
of excited electrons in the 4f states (Chen, Zhang et al. 2011). However, the electrons' non-radiative
pathways, such as phonon-assisted processes, also play a key role in determining the emission
wavelengths, intensity, and lifetime. Co-doping the host crystal with “sensitizer ions”, dopants
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Figure 1.5. RE 4f energy level diagram. Reproduced from (Dieke and Crosswhite 1963).
with higher absorption cross-sections (𝜎abs), is commonly used to enhance the overall
luminescence intensity via ET between the two dopants (Figure 1.4 B). For instance, Yb3+ (𝜎abs =
1.2×10-20 cm2) is usually co-doped with Er3+ (𝜎abs = 1.7×10-21 cm2) for UC luminescence at 980 nm
excitation (Strohhofer and Polman 2003). This ET mechanism is possible only when there is a
significant overlap between the dopant energy levels (Naccache, Vetrone et al. 2008, Li, Geng et
al. 2011, Suffren, Zare et al. 2013). Additionally, the RE luminescence can be amplified by coating
a shell layer on the surface of the phosphor by quenching the parasitic sites (Dorman, Choi et al.
2012). Although UCNPs offer advantageous optical properties for biomedical applications, they
usually require expensive, high energy infrared lasers and are limited in their ability for
multiplexing.
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1.4. Tuning Rare Earth Luminescent Properties by Co-Doping with Transition Metals and
Exerting Weak Electric Fields
Transition metal (TM) elements have been proposed for dynamic tuning of RE
luminescence due their field-dependent properties (Sugano 2012), stemming from the difference
in the hybridization of TM d orbitals with p orbitals of neighboring atoms/ligands. It should be
noted that in coordination chemistry, a ligand is defined as a functional group bound to the
central metal atom in a coordination complex. The degeneracy of electronic orbital d states are
broken when the ligands approach the TM ion, because of the static electric field produced by the
surrounding charge distribution (Figgis and Hitchman 2000). The d orbital electrons of the TM ion
and those in the ligand repel each other, and thus the d electrons closer to the ligands will have a
higher energy than those further away. This will result in a splitting of the energy levels in d
orbitals, where the split energies of the eg (𝑑8 9 :; 9 , 𝑑< 9 ) and t2g (𝑑8; , 𝑑;< , 𝑎𝑛𝑑 𝑑8< ) subsets follow
to the crystal field theory (Pauling 1975, Pauling 1985). The crystal field splitting energy (10 Dq)
is the difference between split subsets energies that stems from placing a TM ion in the crystal
field generated by a set of ligands. Depending on 10 Dq (which is a function of the TM ion
coordination geometry, oxidation state, and surrounding ligand strength), some of the d-orbitals
become lower in energy than before because of the hybridization with the ligand p orbitals. For
instance, in an octahedral geometry, the t2g set is lower in energy than the eg (Orgel 1952), in
contrast to the tetrahedral symmetry, where the eg orbitals have lower energy.
The relation between the absorption spectrum of TM ions in a host matrix and the value of
crystal field splitting energy (10 Dq) is elucidated by the standard Tanabe-Sugano diagrams
(Tanabe and Sugano 1954, Tanabe and Sugano 1954, Tanabe and Sugano 1956, Sugano and
Tanabe 1958). An example of a Tanabe-Sugano diagram for the d8 configuration (Ni2+) in
octahedral symmetry is shown in Figure 1.6. The x-axis of the diagram is 10 Dq divided by the
16

Racah Parameter, B, and the y-axis is the energy of an electronic transition, E, divided by B. The
Racah parameter accounts for inter electronic repulsions in the d-orbitals of the TM ions. Each
line in the diagram is representative of an electronic state energy under altering ligand field
strength (Lamonova, Zhitlukhina et al. 2011). According to the Laporte selection rules, only a
some of the electronic states are spin-allowed; however, the Tanabe-Sugano diagrams include
spin-forbidden electron transitions since they can appear in the absorption spectrum (Lamonova,
Zhitlukhina et al. 2011). Polarized organic molecules, can be employed to indirectly control the
10 Dq by manipulating the hybridization of the TM ion and the surface ligand. These molecular
dipoles are adsorbed on the inorganic NP surface through different bonding mechanisms such as
H-bonds to bridging oxygen, H-bonds to carboxylic oxygen, electrostatic attraction, bidentate
bridging and bidentate chelating (Portilla , Mullins 1970). Upon modifying the TM-doped host
surface with polarized molecules, an electric field (proportional to the dipole moment of the
surface ligand) is exerted on the TM ions at the organic-inorganic interface (Lee, Jamison et al.
2015). The applied surface electric field delocalizes the TM electron density and modifies the TM
energy level hybridization, which results in changing the 10 Dq and the TM ion absorption
spectrum (Leung, Kao et al. 2003). By employing the surface ligands with dipole moments of
opposite polarity, the value of 10 Dq can be tuned in both the directions, resulting in adaptive
optical absorption (Thomas, Jackman et al. 2014). This adaptive absorption of the TM sensitizers
using surface ligands can be used to induce dynamic luminescence from the RE emitter via
selective RE sensitization for biosensing applications.
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Figure 1.6. Tanabe-Sugano Diagram for Ni2+ in octahedral symmetry showing the crystal fielddependent energy of the optical absorption transitions. Reproduced from (Tanabe and Sugano
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The separation distance of the TM sensitizer and the RE activator must be optimized to
facilitate the ET between the doping ions according to the Förster-Dexter energy transfer theory.
Based on the Förster ET theory, the rate of ET between the sensitizer-emitter ions depends on the
site symmetry and distance (R-6), where R is defined as the separation distance between TM and
RE dopant pair (Wolber and Hudson 1979). At extremely short separation distances, re-absorption
of the sensitizer emission wavelength can occur, resulting in phosphor luminescence quenching.
The RE and TM doping ions can therefore be spatially separated in a core-shell architecture to
prevent the luminescence quenching by allowing efficient ET across interfaces. More specifically,
a RE-doped core with a TM-doped shell can be proposed to obtain the critical separation distance
between the doping ions that favors the Förster-Dexter ET. Furthermore, adding a shell layer
around the RE-doped core NP will result in reduction of the surface parasitic luminescence
quenching (Dorman, Choi et al. 2012). This is due to the suppression of the non-radiative
18

pathways, caused by surface defects and the large vibrational energies of solvent and surface
ligands (Gai, Li et al. 2014). In non-radiative pathways the electronic energy is converted to the
electronic energy to the kinetic energy which is eventually result in infrared radiation or energy
loss by collisions. The f orbital energy levels in RE ions depend on their relative distance from the
neighboring ions/molecules in the solid host as well as the solution (Haas and Stein 1972). This
distance can favor new pathways for non-radiative decay loess of the excited levels of the RE ion,
which can be prevented by depositing a shell around the RE-doped core NPs. More importantly,
the surface of the shell layer can be modified through weak chemical dipoles with varying dipole
moments to modulate the TM absorption (Thomas, Jackman et al. 2014). Since the effect of these
molecular dipoles is limited primarily at the surface (Δo ∝ R−5, where R is the metal-ligand
distance in octahedral TM complexes), only the TM dopants located near the surface of the shell
layer will have a modified absorption spectrum (Smith 1969). Therefore, in order to take advantage
of both the modified TM absorption and energy coupling between RE and TM ions, the shell layer
thickness has to be optimized (Dorman, Choi et al. 2012). The proposed RE-doped core-TM doped
shell nanoarchitecture functionalized with surface ligands allows for tunable luminescence which
is the underlying principle of the developed biosensor discussed in Chapter 4.
1.5. Colloidal Nanoparticles (NPs) as an Alternative Approach for The Detection and
Quantification of Biomolecules
Inorganic NPs exhibit unique optical and magnetic properties that can be exploited for
sensitive and robust detection platforms (Wang, Yin et al. 2010, Wang and Qu 2013, Zeng,
Baillargeat et al. 2014, Yakoh, Pinyorospathum et al. 2015). These unique physical properties
often exist at room temperature, bypassing the need for expensive detectors and specialized
systems. Furthermore, NP-based systems can be easily integrated with various amplification
strategies to increase analytical signals for ultrasensitive and miniaturized sensing platforms
19

(Liong, Tassa et al. 2011). With the introduction of more sophisticated soft matter fabrication and
assembly techniques, prospective nanodevices can be developed to by utilizing highly sensitive
and selective (bio)compatible elements. Examples of such systems include QDs (Xiong, Cui et al.
2014, Hildebrandt, Spillmann et al. 2017), superparamagnetic NPs (magnetic sensing) (Lee, Shin
et al. 2015), phosphorescent NPs (Zheng, Tu et al. 2015), and noble-metal NPs for localized
surface plasmon resonance (LSPR) (Dondapati, Sau et al. 2010, Focsan, Campu et al. 2016).
Colloidal fluorescent and plasmonic NPs are particularly interesting, as they produce intense
responses to incident light, and linking this response to the presence of a target analyte which
results in extremely sensitive and cheap molecule detection inside solution.
Nanomaterials can be engineered to exhibit distinctive properties that are not present in
traditional bulk materials of the same composition (Zhang, Geryak et al. 2017). Bright tunable
fluorescence of QDs and LSPR phenomena in metallic NPs result in exhibiting intense responses
to incident light (or other stimuli), and the ability to modulate this response by interaction with
target analytes, making them excellent sensor signal transducers. Outputs can be quantitative or
qualitative depending on the functionality of the sensor. When engineered properly, these unique
properties and functionalities can allow highly selective binding events to be detected with
nanoscale sensing elements. In addition, the discrete nature of molecular recognition interactions
at the nanoscale coupled with the small sizes of the associated nanoscale components can facilitate
an unprecedented degree of sensitivity, even single molecule detection can sometimes be realized
in near-practical conditions (Mohammed and Desmulliez 2011). The dynamic interaction and
response to the surrounding environment is a considerable advantage compared to passive labeling
techniques with nanoparticles, dyes, and stains. Another key advantage is that washing steps are
often not required, as they are with passive labeling, making these (bio)sensors suitable for simple,
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rapid analytical quantification assays (Howes, Chandrawati et al. 2014). Colloidal NP sensors have
been widely employed for enzyme-substrate (Medintz, Clapp et al. 2006, Lowe, Dick et al. 2012),
antigen-antibody (Wang, Li et al. 2010, Wegner, Jin et al. 2013), nucleic acid (Prigodich, Randeria
et al. 2012, Pan, Zhang et al. 2013), and redox reaction (Medintz, Stewart et al. 2010) sensing
applications. Moreover, the NP-based systems can be easily integrated in POC/POU platforms for
portable and affordable detection of infectious diseases, biomarkers, and toxins (Wang, Yu et al.
2017).
Semiconductor QDs and plasmonic gold NPs (AuNPs) are the most commonly used classes
of NPs for chemical and bio-sensors. QDs are fluorescent inorganic semiconductor NP, typically
2 to 10 nm in diameter, that possess high fluorescence brightness and photostability, due to the
quantum confinement (Michalet, Pinaud et al. 2005, Tyrakowski and Snee 2014). Their broad
absorption and sharp emission spectra are tunable by particle size (Figure 1.7), allowing

Figure 1.7. PL spectra of Si QDs with various average diameters and maximum intensity
normalized to a constant. Reproduced from (Yu, Fan et al. 2017).
multiplexing where a mixed population of QDs can be excited with a single excitation source.
Energy transfer (ET) between QDs and proximal donors or acceptors can be extremely efficient,
and they can be functionalized with large numbers and varieties of functional molecules, factors
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that are vital for QD sensors (Figure 1.8) (Sapsford, Algar et al. 2013). However, their inherent
toxicity and chemical instability limit their application in biological detection and medical
diagnosis (Wang, Hu et al. 2013, Gai, Li et al. 2014). Plasmonic NPs exhibit unique optical
properties due to LSPR (Howes, Rana et al. 2014), out of which gold NPs (AuNPs) has received
particular attention because of their stability and ease of synthesis. Spatial confinement of surface
plasmons in plasmonic NPs yields a pronounced extinction peak in the visible spectrum, and
intense surface fields polarize the local volume around the NPs. External agents entering this
volume (e.g., biomolecules, ions, dyes, other nanoparticles) interact with the field, leading to
various effects, including LSPR peak shift, surface-enhanced Raman scattering (SERS), and
quenching or enhancement of fluorophores. This yields an optical signal that can be modulated by
the presence of an analyte, forming the basis of a sensor. Alternatively, RE-doped luminescent

Figure 1.8. Examples of two different signal transduction methods in nanoparticles biosensors.
Reproduced from (Howes, Chandrawati et al. 2014).
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NPs exhibit superior features, including long luminescence lifetime (µs-ms range), large
(anti)Stokes shifts (>50 nm), narrow emission bandwidths (<10 nm), low toxicity, and high
resistance to photobleaching, have made them very attractive candidates for sensing applications
(Nichkova, Dosev et al. 2005, Goldys, Drozdowicz-Tomsia et al. 2006, Vaithiyanathan, Bajgiran
et al. 2019). However, most of the current RE-based detecting platforms employ FRET-based
assays which limit their POU applications, since these assay usually require target analyte labeling
(Leavesley and Rich 2016).
In addition to the method of signal transduction, the nature of receptor-analyte interactions
will also affect biosensing mechanisms. These interactions, shown in Figure 1.9, can be roughly
divided into the following four categories: 1) Enzyme-substrates interactions, such as proteins and
peptides, can act as active elements in biosensing mechanisms (Ghadiali, Lowe et al. 2011). For
example, NP fluorescence can be modulated by cleaving a protease using protease-selective
peptide sequence (Lowe, Dick et al. 2012), or similarly, the aggregation of plasmonic NPs can be
modified (Chandrawati and Stevens 2014). 2) Antibodies-antigen interactions are used in protein
biosensors in enzyme-linked immunosorbent assays (ELISA) assays, where utilizing controlled
antibody fragmentation and single-domain antibodies results in compact immune sandwich
complexes that allow for low LOD in biosensing applications (Wegner, Jin et al. 2013). For
plasmonic NPs, proteins binding to antibody-functionalized surfaces can induce a measurable
LSPR (Wang, Li et al. 2010), or a secondary antibody can be used to introduce an additional agent
for signal amplification (Rodriguez-Lorenzo, de la Rica et al. 2012). 3) Nucleic acids can perform
complex structural and mechanistic roles in engineered systems, molecular beacons are common
nucleic acids targets and have been used in NP-based configurations (Pan, Zhang et al. 2013).
Nucleic acid displacement can selectively remove donors or acceptors from a double-stranded
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complex on a NP surface, another extensively employed biosensing mechanism (Prigodich,
Randeria et al. 2012). 4) Certain biomolecules' intrinsic redox properties allow NP biosensors to

Figure 1.9. Receptor–analyte interactions can be divided into (A) protease–peptide, (B)
transferase–peptide, (C) protein antibody fragment, (D) dopamine response to pH change, (E)
nucleic acid hybridization, (F) protein–aptamer, and (G) protein–antibody. Adapted from
(Howes, Chandrawati et al. 2014).
measure pH, which is useful for intracellular biosensing, where pH can modulate many cellular
events. An example is dopamine, which can directly react with O2 to convert to quinone under
basic pH. As quinone is an electron acceptor, it can quench QDs by charge transfer (Medintz,
Stewart et al. 2010).
Apart from the signal transduction method and the nature of receptor-analyte interactions,
the method of bioconjugation plays an important role in the biosensing mechanism and overall
performance of the sensor. Ideal bioconjugation procedures should be simple, high yield, and non24

damaging to NPs and preferably should require no intermediate reagents. The binding of
biotinylated biomolecules to streptavidin-coated NPs achieves all of these characteristics;
however, the relative bulk of streptavidin (52.8 kD, ~6 nm) restricts the sensor performance.
Oligohistidines are excellent alternatives since they can bind directly to particle surfaces. A short
sequence of histidine amino acids can be included in a recombinant protein (Aldeek, Safi et al.
2013), in a peptide sequence (Ghadiali, Lowe et al. 2011), or an oligonucleotide construct (Algar,
Wegner et al. 2012). Additionally, The emerging conjugation techniques, such as click chemistries,
strain-promoted cycloadditions (Han, Devaraj et al. 2010), and enzyme-mediated ligations
(Petershans, Wedlich et al. 2011), offer rapid, efficient, and robust binding. Proteins can have
appropriate functional groups inserted into their peptide sequence by the recombinant inclusion of
non-natural amino acids, resulting in proteins that can be conjugated to NPs with high control over
both number and orientation of attached species (Lang and Chin 2014). The most successful
surface-capping approaches to date have made use of custom molecules with modular
combinations of low–molecular weight components. Specifically, functionalizing the surface of
NPs with modular zwitterionic has yielded exceptional stability and functionality (Susumu, Oh et
al. 2011, Zhan, Palui et al. 2013, Garcia, Zarschler et al. 2014). Through electrostatic interactions
and hydrogen bonding, zwitterionic ligands (e.g., sulfobetaine, carboxybetaine) can bind large
numbers of water molecules and consequently restrict nonspecific interactions with surrounding
biomolecules (Monopoli, Aberg et al. 2012, Treuel, Brandholt et al. 2014). This will effectively
prevent the formation of well-studied protein corona around the NPs that, if too thick or too
strongly bound, will block access of target analytes to the surface-bound ligands and hinder the
biosensing mechanisms. While the zwitterionic groups consist of multiple charges, their net charge
is zero allowing for superior stability over extended ranges of pH and ionic concentration, which
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is crucial for maintaining high sensor performance in different physiological fluids (Monopoli,
Aberg et al. 2012).
1.6. Proposed Work and Overview of the Dissertation
The recent shift toward more decentralized detection approaches, such as POC and POU
tests has been emphasized. Conventional bioanalytical tools such as ELISA and flow cytometry
cannot be integrated in POU systems, due to their high cost of instrumentation, labor-intensive
preparation steps, long experimentation time, and high required sample amounts. Recently,
different types of microtools have been introduced to bypass the complex analytical processes
requiring large and costly equipment, and seamlessly been translated into portable devices.
Microfluidic platforms are compatible with integrating functional NPs and different biosensor
surface functionalization techniques. Specifically, droplet microfluidics have been developed that
can contain cellular products, reagents, and NPs in small volume droplets, which enable superior
control over the local environment and reduce the amount of high-cost reagents. Particularly,
single-cells can be encapsulated inside the droplets to study the cancer tumor heterogeneity and its
dynamic evolution. The capabilities of RE-doped NPs are further expanded to develop biological
sensors that are compatible with POU systems. This work will focus developing a DC
luminescence RE materials and how their coupling with transition metal sensitizer in the presence
of surface weak electric fields can be leveraged to develop analytical tools for biosensing. To
systematically sensitize the RE emissions with TM ions and facilitate the ET between doping pairs,
a RE-doped core| and TM-doped shell nanoarchitecture has been proposed to tune the dopants
interactions. In addition, the shell layer surface has been modified with molecular dipoles to yield
adaptive excitation of the TM ion. This results in adjusting the ET from the TM to RE ions and
ultimately tuning the luminescence signal of the phosphor, which is the basis of the label-free
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biosensing mechanism. A simple surface functionalization chemistry has been used to immobilize
the relevant receptors on the core-shell NPs surface for label-free detection of target analytes. The
performance of the NP sensor is then fully characterized to ensure low limit of detection and
applicability in POU systems.
The goals for this thesis are divided into four specific aims to utilize RE-doped
nanomaterials to develop analytical tools for biomedical applications: (1) single cell tracking with
RE-doped materials, (2) expanding on the multiplexed capability of the droplet microfluidic
system by designing and characterizing a triple in-series T-Junctions platform coupled with
gravity-induced flow, (3) development an RE-doped NP sensor harnessing electric dipoles as a
detection mechanism, (4) designing dipole-modulated RE-doped NPs as label-free biological
sensors.
Aim 1: Single cell tracking using luminescent materials in a single input droplet
microfluidic trapping array. This study focuses on incorporating RE-doped NaYF4 NPs as droplet
trackers in a droplet microfluidic trapping array. The luminescence tracking properties of Eu3+doped and Tb3+-doped NPs were successfully characterized by co-encapsulating with genetically
modified cancer cell lines expressing green or red fluorescent proteins (GFP and RFP) in addition
to a mixed population of live and dead cells stained with ethidium homodimer. The advantage of
using RE elements (Eu3+ and Tb3+) DC emissions as spectrally independent trackers has been
highlighted by a published manuscript in Analytical and Bioanalytical Chemistry.156
Aim 2: Simultaneous Droplet Generation with In-series Droplet T-Junctions Induced by
Gravity-induced Flow. This work offers an alternative approach to multiplexed droplet
microfluidic devices allowing for the high-throughput interrogation of three sample conditions in
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a single device. It also provides an alternative method to induce droplet formation that does not
require multiple syringe pumps reducing the overall operating costs of the experiment.
Aim 3: Effects of weak electric field on the photoluminescence behavior of Bi3+-doped
YVO4:Eu3+ core-shell nanoparticles. This aim focuses on gaining a more complete fundamental
understanding of the role of spatially doped Bi3+ in the core-shell DCNPs and how decorating the
surface of the NPs with different ligands tunes the spectral properties. The advantage of using Bi3+
as a sensitizer and the role of the electric dipole on the photoluminescence of the DCNPs has been
highlighted by a published manuscript in the Journal of Physical Chemistry Part C.171
Aim 4: Downconversion luminescent nanoparticles harnessing changes in the surface
dipole as a novel approach for small molecule detection. The core-shell nanoarchitecture
developed in Aim 3 has been decorated with biotin to be utilized in sensing its bioconjugate, avidin,
as a model system. The surface coverage of the biotin-decorated NPs has been evaluated with
characterization methods such as thermogravimetric analysis (TGA). Concentration-dependent
studies has been performed to evaluate the LOD and SNR of the system, and the results have been
summarized in a published manuscript in ACS Sensors.172 This system has the potential to be
expanded to disease biomarkers or pathogen detection as low LODs.
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Chapter 2. Luminescent Nanomaterials for Droplet Tracking in a
Microfluidic Trapping Array1
2.1. Introduction
Isolating and analyzing single cells from a heterogeneous population is essential to perform
clinically relevant measurements with respect to cancer diagnostics(Saadatpour, Lai et al. 2015,
Tellez-Gabriel, Ory et al. 2016, Tsoucas and Yuan 2017). Droplet microfluidics has emerged as a
single cell sorting technology which offers several advantages over existing large-scale
technologies like capillary electrophoresis, flow cytometry, and mass cytometry in terms of its
reduced reagent costs, ease-of-use, and compatibility with fluorescent microscopy (Schneider,
Kreutz et al. 2013, Shang, Cheng et al. 2017). Fluorescence-activated cell sorting (FACS) is a
commercialized flow cytometry technique, capable of simultaneous quantification up to 20
parameters in single cells based on specific light scattering and fluorescent characteristics of each
cell (called fluorescence-cell barcoding) (O'Donnell, Ernst et al. 2013, Newell and Cheng 2016).
However, flow cytometry is often limited by its need for large sample size, the cost and size of the
instrument (Wyatt Shields Iv, Reyes et al. 2015), and the use of rapid flow in the system which,
when coupled with non-specific surface markers, can negatively affect cell viability (Hu, Zhang
et al. 2016). There have been reports on spectral crosstalk between these fluorescent-cell barcodes
which was addressed by mass cytometry, a method where each sample is labelled with a unique
combination of lanthanide isotopes (called mass-tag barcoding) (Newell and Cheng 2016, Spitzer
and Nolan 2016). Despite having a lower throughput than flow cytometry (Schneider, Kreutz et
al. 2013), the spectrally distinct mass-tag barcodes in mass cytometry make it an ideal system for

1

Reprinted by permission from [Springer Nature]: [Springer] [Analytical and Bioanalytical Chemistry] [Luminescent
nanomaterials for droplet tracking in a microfluidic trapping array, Vaithiyanathan, M., R. Bajgiran, K., Darapaneni,
P. et al.] (2019)

29

multiplex studies (Newell and Cheng 2016). However, mass cytometry is limited by its inability
to sort cells during analysis coupled with a poor signal to noise ratio (Chattopadhyay, Gierahn et
al. 2014).
The high-throughput screening (HTS) technologies discussed above offer extensive
information on single cell analysis but are restrained in their ability to directly quantify the
intracellular distribution of fluorescent signals. Droplet microfluidic devices enabled with spatial
traps (Zhou, Basu et al. 2016, Holton, Sinatra et al. 2017) have recently found applications in
dynamic applications like single-cell barcoding and sequencing (Ma, Zhan et al. 2017, Zilionis,
Nainys et al. 2017) (barcoding here means indexing or tracking something in a microfluidic device
by giving an identity – either track a droplet/cell/molecule using some technique). One such
example is to isolate and amplify single DNA molecules within droplets and barcode each of these
droplets using chemically synthesized oligonucleotides (Lan, Haliburton et al. 2016). Another such
droplet-based technique is inDrops (indexing droplets) where cells are indexed by hydrogel beads
bearing DNA primer barcodes for single cell RNA sequencing (Klein, Mazutis et al. 2015). While
these microfluidic devices have emerged as powerful tools in profiling cellular heterogeneity, they
make use of expensive barcoding antibodies and involve time-consuming reactions. Other droplet
barcoding techniques utilizing organic dyes (Chen, Miller et al. 2013, Rane, Zec et al. 2015) are
also limited in their ability to simultaneously quantify different cellular outputs due to the spectral
overlap of these dyes with common biochemical stains (Montón, Nogués et al. 2009, Fan, Hu et
al. 2013, Abdel-Mottaleb, Beduneau et al. 2015). These issues have resulted in some limitations
in the use of droplet microfluidics in multiplexed applications where simultaneous tracking of
cellular outputs to different input conditions on a single platform is required.
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Advances in nanomaterials have produced a new class of fluorescent labels by conjugating
semiconductor quantum dots (QDs) with biorecognition molecules (Gao, Cui et al. 2004, Leng,
Wu et al. 2016, Wen, Xie et al. 2016). Because of their size-tuneable absorptions/emissions, and
high fluorescence quantum yield, QDs are considered a better alternative to organic dyes (Montón,
Nogués et al. 2009, Abdel-Mottaleb, Beduneau et al. 2015). Although being widely used as
fluorescent barcodes in platforms such as FACS (Buranda, Wu et al. 2011, Duan, Wu et al. 2013)
and droplet microfluidics (Ghrera, Pandey et al. 2015), there have been concerns regarding QDs’
cytotoxicity, with heavy metals being used in their crystal structure (Wegner and Hildebrandt
2015). Rare earth (RE)-doped materials are a class of phosphors that have received attention for
their potential applications in bio-imaging, sensing, and therapeutics (Gai, Li et al. 2014). Unlike
organic dyes and common fluorophores, RE dopants offer a wide range of characteristic emission
lines in the visible spectrum stemming from the f-f intraband transitions, including red (Eu3+,
Sm3+), yellow (Dy3+, Er3+), green (Tb3+, Er3+, Ho3+), and blue (Dy3+, Tm3+) making them suitable
as spectrally independent labels (Gai, Li et al. 2014). Additionally, the large gap between
excitations and emissions of the RE elements serves as an added advantage for spectral
independence when compared to the closer excitations and emissions of organic dyes (ReschGenger, Grabolle et al. 2008, Gai, Li et al. 2014). Also, RE phosphors have been shown to exhibit
greater biocompatibility over QDs (Dong, Du et al. 2015). Two RE luminescence mechanisms are
possible, downconversion (DC) and upconversion (UC), which are analogous to Stokes and antiStokes shift, respectively. In UC materials, luminescence occurs by sequential absorption of lower
energy photons followed by a higher energy emission. UC phosphors have been extensively
exploited for in vivo bio-imaging, photodynamic therapy, and drug delivery, primarily due to their
minimal photodamage to living organisms and excitation within the biologically transparent
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window (Haase and Schafer 2011). On the other hand, the unexplored, diverse energy levels
available with DC make these elements suitable for multiplex tracking purposes for in vitro studies.
The DC process stems from the unique optoelectronic properties of the RE ions in which higher
energy photons such as UV radiation is converted to lower energy visible light, resulting in narrow
and spectrally independent emission peaks that is suitable for tracking purposes in biological
studies (Eliseeva and Bunzli 2010).
This work describes the use of spectrally independent RE-doped nanoparticles (NPs) as
droplet trackers using DC luminescence imaged by fluorescent microscopy. The synthesized REdoped 𝛽-NaYF4 NPs were successfully characterized for structure, morphology, spectral
properties, and biocompatibility. Europium (Eu3+) and Terbium (Tb3+) were chosen as RE dopants
to track droplets due to their narrow, but spectrally independent, emission peaks. A series of single
cell and NP co-encapsulation studies were performed in a microfluidic droplet trapping array to
confirm the spectral independence of Eu3+-doped and Tb3+-doped NPs with green fluorescent
protein (GFP), red fluorescent protein (RFP), and ethidium homodimer-1 (EthD-1). In terms of
broad comparison, GFP and RFP are the two main fluorescent labels used in biological purposes.
While many variants (e.g., FAM, Alexa Fluor, Texas Red, Rhodamine) are used due to sensitivity
and ease of conjugation, all these fluorescent probes have similar excitation/emission range as that
of GFP and RFP (Oliveira, Bértolo et al. 2018). Upon UV excitation, the RE dopants in NPs
exhibited unique emission peaks (Eu3+-doped NP in red and Tb3+-doped NP in green) that did not
overlap with commonly used fluorophores. While this work demonstrates the feasibility of two
RE-doped NPs, this tracking technique can be expanded with several different doped and co-doped
NPs (Gai, Li et al. 2014), thus implementing the diversity of downconversion luminescence in
multiplexed screening. The results from this study confirm the potential for luminescent NPs as
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droplet trackers and provides a justification for their use in a multiplexed device, thus highlighting
the successful first ever use of these NPs as spectrally independent droplet trackers on a fluorescent
microscopy stage.
2.2. Materials and Methods
2.2.1. Synthesis and Characterization of RE-doped Luminescent NPs
A simple one-step hydrothermal process was implemented to synthesize NaYF4:RE3+
nanostructures. All the chemical reagents were used as received without further purification. In
typical synthesis, 2 mmol of RE(NO3)3 6H2O (RE =Y3+, Eu3+, Tb3+, 99.9% Alfa Aesar) was
dissolved in 1 mL HCl (36.5-38.0%, VWR) for 1 h to maintain the acidic environment required
for forming hexagonal crystals. 5% mole concentration of dopants (Eu3+ and Tb3+) was used for
the doped samples. The solution was then transferred to a 20 mL Teflon liner containing 15 mL
of DI H2O. Next, 8 mmol of Na3 citrate (ACS grade, VWR) (RE precursors: Na3 citrate = 1:4) was
added to the above mixture as a chelating agent to control the size and morphology of the NPs.
After 30 min of vigorous stirring, 5 mL of a 5M NaF (USP grade, VWR) aqueous solution was
added to the precursor solution as a fluoride source. The contents were thoroughly mixed for 15
min. The Teflon liner was transferred into an autoclave for subsequent heating at 180 °C for 1 h.
The products were then collected and washed with DI H2O and EtOH (ACS grade, VWR) several
times to remove the organic impurities and neutralize the solution. Finally, the samples were dried
at 100 °C, and the NPs were annealed at 400 °C for 2 h to ensure successful incorporation of
dopants to their respective crystal sites.
The synthesized NPs were characterized for their structure, size, morphology, and
composition using X-ray Diffraction spectroscopy (XRD), Scanning Electron Microscopy
(SEM), and Energy Dispersive X-ray spectroscopy (EDX or EDS). XRD measurements

33

were performed on an Empyrean PANalytical X-ray diffractometer using Cu Kα1 (λ=1.54
Å) as radiation source, with a step size of 0.05° in the scanning range of 5°-70°. SEM
imaging was done using an FEI Quanta 3D FIB microscope operated at 5 kV accelerating
voltage. This instrument was equipped with an EDAX detector which was used to identify
the elements present in the sample. The sample was prepared by casting a drop of the
aqueous product on the double-sided carbon tape attached to the sample holder. All the
dried samples were sputtered with Pt for 4 min to make the sample conductive for
measurements. The NP luminescence was characterized using Photoluminescence (PL)
spectrometer. An APTI QM-40 spectrofluorometer with a PMT detector and a 75W xenon
arc lamp as light source was employed for PL measurements. The scans were performed
with a band pass of 2 nm at a scanning rate of 4 nm/s in the range of 400-700 nm.
2.2.2. Microfluidic Device Design and Fabrication
The droplet microfluidic trapping device consisted of two layers (Figure 2.1): the
bottom main flow channel and the top trapping array. The device had two inlet channels:
one for the oil phase (230 µL/h) and one for the aqueous phase (90 µL/h) which converged
at a flow-focusing junction to encapsulate cells and NPs in ~180 pL discrete aqueous
droplets in a continuous oil phase. The oil phase was Novec 7500 oil (3M) with 0.2% Neat
008 fluoro-surfactant (Ran Biotechnologies). The fluoro-surfactant was used to stabilize
droplet formation and prevent droplet aggregation. Vertical fins were incorporated into the
bottom layer of the trapping array to increase the residence time of the droplets and aid in
trapping. The trapping array consisted of a 787-member grid with each trap having a 70 µm
diameter. The fluidic channels were 40 µm in height and the traps were imprinted 40 µm
into the PDMS above the fluidic channel (total of 80 µm in height). The methods for PDMS
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replication and device preparation are included in the Appendix A. The resultant devices
were used for on-chip encapsulation experiments. To initiate droplet generation, Tygon
tubing (Cole Palmer) was directly connected to oil and aqueous syringes fixed on two dual
infusion syringe pumps (Harvard apparatus) and were inserted into the device inlet ports.
The device was mounted on the stage of a fluorescent DMi8 inverted microscope (Leica

Microsystems) to visualize droplet formation and trapping.
2.2.3. Cell Culture
The MDA-MB-231 cells and the red fluorescent protein (RFP)-expressing MDAMB-231 cells were cultured in DMEM (Corning) supplemented with 10% v/v HyClone
Cosmic Calf Serum (VWR Life Sciences Seradigm), 1% MEM Essential Amino Acids
(Quality Biological Inc.), 1% MEM Non-Essential Amino Acids (Quality Biological Inc.),
1 mM Sodium Pyruvate (Thermo Fisher Scientific) and 6 µL insulin/500 mL media
Figure 2.1. Microfluidic droplet trapping array. A) Top view of the device showing two inlets
for carrier oil (1), cells and NPs in aqueous buffer (2), a flow-focusing junction (3), the droplet
trapping array (4), and the single outlet (5). B) Schematic of the generation and trapping of
individual droplet containing single cells and NPs. C) Overlay fluorescent microscopy image
showing aqueous droplets containing the fluorescent dye 5(6)-carboxyfluorescein trapped in the
device.
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(Insulin, Human Recombinant dry powder - Sigma Aldrich). The green fluorescent protein
(GFP)-expressing HeLa cells were cultured in DMEM Media with 10% foetal bovine serum
(FBS - VWR Life Sciences Seradigm).
2.2.4. Off-chip Viability Assay
MDA-MB-231 cells were seeded at a density of 1 x 104 cells/mL in 12 well plates and
incubated for 3 days. On the day of experiment, each well (in duplicate) were subjected to the
viability assay at timepoints of 0 min, 30 min, 1 h, 2 h, 4 h, 6 h, 8 h, 10 h and 12 h. Each pair of
wells was washed with 1 mL of 1X PBS (PBS: 137 mM NaCl, 10 mM Na2HPO4, 27 mM KCl,
and 1.75 mM KH2PO4 at pH 7.4) followed by the addition of 1 mL of a 10 mg/mL NP slurry in
extracellular buffer (ECB: 20 mM HEPES, 140 mM NaCl, 5 mM KCl, 1 mM MgCl2.6H2O, 1 mM
CaCl2.2H2O, 5 mM D-Glucose at pH 7.4) with 1% FBS at specified timepoints over 12 h. After
12 h, the NP slurry was aspirated. After aspiration of NP slurry, the cells were not washed to avoid
removal of any dead cells. 500 µL of a reagent stain mixture (2.5 µM Calcein AM and 4 µM EthD1 in 1X PBS) was added to each well and incubated for 15-20 min followed by imaging for
viability. This assay was performed only with 10 mg/mL NP slurry since this was the maximum
concentration used for all on-chip encapsulation experiments and the results obtained for any lower
NP concentrations are inclusive of those obtained from the 10 mg/mL study.
2.2.5. Microfluidic Droplet Tracking Using RE-doped NPs
A 10 mg/mL slurry of NPs in ECB was used for on-chip encapsulation experiments.
In order to prevent particle aggregation and settling, the slurry was sonicated for 1 h before
each experiment. The RE-doped NPs were co-encapsulated with cells (GFP-HeLa cells,
RFP-MDA-MB-231 cells, and MDA-MB-231 cells stained with EthD-1 at a cell density of
4.5 x106 cells/mL) in ECB droplets which were isolated in the microfluidic droplet trapping
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array. For EthD-1 biochemical staining, MDA-MB-231 cells were binned into two groups.
The first group (live) was resuspended in ECB and incubated at 37 °C prior to
encapsulation. The second group (dead) was incubated at 42 °C for 1 h (Lee, Park et al.
2014) in a heat block to kill all the cells. The live and dead cells were mixed into a
heterogeneous population and incubated with 2 µM EthD-1 at 37 °C for 15-20 min off-chip
prior to injection into the device along with the NP slurry. A fluorescent DMi8 inverted
microscope (Leica microsystems) with a digital CMOS camera C11440 (Hamamatsu
Photonics K.K.) and LAS X software 3.3.0 were used to image and analyse fluorescent and
luminescent signals of cells and NPs. The following excitation/emission filters (Chroma
Tech. Corp) were used: fluorescein isothiocyanate - FITC (λex: 440-520 nm and λem: 497557 nm); rhodamine (λex: 536-556 nm and λem: 545-625 nm); filter set 1 (λex: 370-420 nm
and λem: 605-645 nm) for Eu3+ doped NPs; and filter set 2 (λex: 325-355 nm and λem: 505565 nm) for Tb3+ doped NPs. The qualitative imaging was followed by a series of robust
quantitative analysis. A manual line scan region of interest (ROI) was drawn across droplets
containing both cells and NPs to quantify their luminescent and fluorescent signals. The
acquired fluorescent intensities of cells and NPs from all filter sets were then normalized
and compared in terms of Signal: Noise (S:N) ratio values.
𝑵𝑭𝑺 =

𝑿:𝝁

Equation 2.1

𝝈

Equation (1) was used to calculate normalized fluorescent signal (NFS) where X is the fluorescent
signal, µ is the mean fluorescent signal, and s is the standard deviation. The NFS values were
compared with noise to give S:N ratio values. These S:N ratio values were further analysed for
statistical significance through single/two-tailed hypotheses tests using SAS software.
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2.2.6. On-chip Dose Response Studies
MDA-MB-231 cells were initially seeded at a density of 4.5 x 106 cells/mL in sterile 100
mm x 20 mm cell culture dishes. The cells were allowed to adhere and spread in the first 24 h.
After 24 h, the media in each dish was swapped with 3 mL of drugged media. Three different
concentrations of Paclitaxel (PTX) were tested with MDA-MB-231 cells: 10 µM, 50 µM and 100
µM. An off-chip drug treatment protocol was followed where each dish was treated with one of
the three drug concentrations and the cellular response was later observed on-chip after 24 h, 48
h, or 72 h incubation. On the day of on-chip analysis, the cells were scraped from the surface of
the culture dish using a sterile cell lifter (Corning) and transferred to a 15 mL tube. It is to be noted
that no aspiration and centrifugation steps were included at this point, to avoid loss of floating dead
cells after respective drug treatments. The cells were incubated with 2 µM EthD-1 at 37 °C for 20
min prior to on-chip encapsulation. Before injecting the sample into the device, 10 mg/mL of NP
slurry in DMEM was added to the existing 3 mL of stained cell sample. This cell and NP slurry
was injected into the microfluidic device and imaged for the single cell response across the
trapping array. Three different NPs were used for the three different drug concentrations: Eu3+doped NPs for 10 µM PTX, Tb3+-doped NPs for 50 µM PTX and undoped NPs for 100 µM PTX.
No-drug control experiments were conducted in tandem for data validation. After each experiment,
cellular viability and droplet tracking data was collected by imaging the trapping array using the
fluorescent DMi8 inverted microscope and fluorescent filters rhodamine, filter set 1, and filter set
2.
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2.3. Results and Discussion
2.3.1. Synthesis and Characterization of Hexagonal b-NaYF4 NPs for DC Applications
As previously reported (Chen, Qiu et al. 2014, Zhou, Liu et al. 2015), β-NaYF4
crystal is frequently employed for optoelectronic applications due to its low phonon energy,
and high local crystal asymmetry that results in stark splitting of energy levels, leading to
efficient luminescence. The formation of hexagonal β-NaYF4 crystal structures is
dependent on several parameters such as citrate concentration, pH of the solution, annealing
temperature and reaction time (Li, Yang et al. 2007, Haase and Schafer 2011). The SEM
image of the synthesized particles are shown in Figure 2.2 A which verifies the
monodisperse formation of sub-micron sized hexagonal NaYF4 particles. The average
diameter and length of the NPs were 180 nm and 310 nm, respectively. The crystal phase
of NaYF4 was identified from XRD patterns (Figure 2.2 B) and indexed to standard βNaYF4 (JCPS: 17-6069), indicating that no other impurity phase was formed. Particle
composition was verified with elemental analysis (EDX – Figure 2.2 C). Characteristic Ka
lines for Na, Y, and F along with characteristic La and Lb for Eu3+ and Tb3+ were identified.
Due to low doping concentrations, EDX measurements for Eu3+ and Tb3+ were scaled by
factor of 10, illustrating the presence of each dopant in the crystal lattice. In order to be
consistent with the characteristic properties of the NPs synthesised from different batches,
the above-mentioned steps were repeated to ensure batch to batch reproducibility of the
synthesized NPs. This verified the chemical stability of NaYF4 NPs which has been
previously discussed elsewhere (Wang and Liu 2009). Room-temperature DC
luminescence excitation and emission spectra of β-NaYF4:RE3+ (RE3+: Eu3+, Tb3+) are
shown in Figure 2.2 D. As it can be seen from this figure, the two different NPs can be
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excited in near UV region (350-400 nm) and emit primarily in green (Tb3+) and red (Eu3+)
regions of visible light. It is noteworthy that the absorption and excitation profile of these
RE elements are similar, as previously reported (Dorman, Choi et al. 2012). For fluorescent
microscopy, a 605-645 nm window filter-set was chosen to detect the 5D0 ® 7F2 transition
peak centred at 617 nm for Eu3+. Similarly, for Tb3+, a 505-565 nm window filter-set was
chosen to detect the 5D4 ® 7F5 transition peak centred at 545 nm.

Figure 2.2. Characterization of RE-doped NPs. (A) The SEM image shows hexagonal NPs
roughly 150 nm in diameter and 400 nm in length. (B) The XRD scan is indexed to the βNaYF4 crystal structure (ICDD:04-016-7458) without the presence of any contamination based
on (C) EDX fluorescence. (D) Photoluminescence excitation (dotted lines) and emission (solid
lines) of Eu3+ and Tb3+ doped NaYF4 NPs demonstrates the characteristic Eu3+ and Tb3+
emission peaks when excited with 395 nm and 350 nm light.
Once the nanoparticles were successfully synthesized and characterized, their
biocompatibility was verified to quantify the effect of droplet tracking on cell viability,
since experiments involved UV excitation of the NPs and peripheral cell-NP interactions.
UV initiated cellular/genetic damage was ruled in this application since a very low-dose,
near UV excitation was used for both the NPs (800 ms of 395 nm exposure for Eu3+-NP
and 800 ms of 330 nm exposure for Tb3+-NP). This has been reported previously where the
effect of UV exposure times, up to 5 min, did not statistically affect the cell survival rate
or did not alter their genetic expression (Sabnis, Rahimi et al. 2009, Wong, Ranganath et
al. 2015). Secondly, the bio-inertness of NPs was verified in order to validate their use with
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cells for on-chip studies via an off-chip viability assay using a model breast cancer cell line,
MDA-MB-231 (Figure 2.3). The number of live and dead cells were counted as a measure
to quantify the NP biocompatibility, resulting in a ~99% MDA-MB-231 cells viability (547
of 553 cells) after 12 h of incubation with Eu3+-doped NPs. Similar results were obtained
for Tb3+-doped NPs (Figure A.1 A) with a ~99% viability (586 of 595 cells). These results
were compared to a no-NP control experiments (Figure A.1 B) which confirmed that the
RE-doped NPs were biologically inert to the cells. This is in agreement with previous
studies on biocompatibility of rare-earth based NPs (Naczynski, Tan et al. 2013),
demonstrating a clear advantage of these RE-doped NPs over quantum dots (QDs) (Wegner
and Hildebrandt 2015). It is to be noted here that, in this work, the luminescent NPs are
only used for cellular tracking and that the large average diameter and length of the NPs
(180 nm and 310 nm) restrict them from traversing across the cell membrane (Yang and
Hinner 2015).

Figure 2.3. Determination of Eu3+-doped luminescent NPs on cellular viability. MDA-MB-231
cells were incubated with Eu3+-doped NaYF4 NPs at 37°C for 4 h (top row) and 12 h (bottom
row) followed by live/dead staining using Calcein AM (green, middle column) and EthD-1
(red, right column). Scale bar is 300 µm.
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2.3.2. Co-encapsulation of RE-doped NPs and Single Cells in Microfluidic Trapping Array
Once it was confirmed that the RE-doped NPs were biocompatible, the next step
was to assess their ability to be used as droplet trackers in the microfluidic droplet trapping
array. Stable droplets containing Eu3+-doped (Figure 2.4 A) and Tb3+-doped (Figure 2.4 B)
NPs were generated and trapped in the microfluidic device. A prominent signal was
observed from the NPs using their respective filters by fluorescent microscopy which
demonstrated the feasibility of utilizing these phosphors in a droplet microfluidic platform.
The luminescent nanoparticles were then tested for spectral independence with commonly
used fluorophores.

Figure 2.4. RE-doped NPs encapsulated in aqueous droplets in a microfluidic device.
Encapsulation of Eu3+-doped NPs (A) and Tb3+-doped NPs (B). Images are: (i) brightfield, (ii)
fluorescence with filter set 1, (iii) fluorescence with filter set 2 and, (iv) overlay. Scale bar is 35
µm.
The majority of fluorescent probes derived from fluorescein, rhodamine, cyanine, borondipyrromethene (BODIPY), acridine, xanthene, and coumarin have green and red emission
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chromophores (Oliveira, Bértolo et al. 2018). Fluorophores that emit in the green and red have
several advantages in terms of high excitation coefficients and high fluorescent quantum yield (Wu
and Yan 2013, Oliveira, Bértolo et al. 2018), thus making the two colors preferable. Hence, in this
work, green and red fluorophores [green fluorescent protein (GFP) and red fluorescent protein
(RFP)] and red emitting viability stain (EthD-1) were tested as an example to highlight the utility
of this tracking platform. Eu3+-doped NPs were co-encapsulated with GFP-expressing HeLa cells
to observe their distinct fluorescent signals. The distant positions of selected emission lines for
Eu3+ (centred at 617 nm, Figure 2.2 D) and GFP (centred at 509 nm) resulted in no spectral overlap
between the Eu3+-doped NPs and the GFP-expressing HeLa cells (Figure 2.5 A). A similar
experiment was performed with RFP-expressing MDA-MB-231 (emission peak centred at 588
nm). Although the selected Eu3+ emission peaks fell within the range of rhodamine filter collecting
the RFP signal (λem = 545-625 nm), no Eu3+ signal was detected in this filter (Figure A.2). This is
due to the fact that the excitation wavelength of rhodamine filter (λex: 536-556 nm) being outside
of the Eu3+ excitation window, unlike with quantum dots where the broad absorption windows of
QDs overlap with that of many biochemical stains (Chan, Maxwell et al. 2002, Alivisatos, Gu et
al. 2005).
To validate the feasibility of luminescent NPs as droplet trackers, a mixed population of
live and dead MDA-MB-231 cells were stained with EthD-1 and co-encapsulated with Eu3+-doped
NPs in the microfluidic device (Figure 2.5 B). The microfluidic trapping array was easily able to
compartmentalize single MDA-MB-231 cells and NPs within droplets, thus enabling clear tracking
of single cells based on their viability. The concentration of EthD-1 played a key role in obtaining
a spectrally independent signal from the dead cells, with 2 µM identified as the optimal
concentration due to a slight spectral bleed-through observed due to broad excitation window of

43

Figure 2.5. Spectral independence of Eu3+-doped NPs with fluorescently-tagged cells observed
in a microfluidic device. (A) Eu3+-doped NPs co-encapsulated with GFP-HeLa cells. * denotes
NPs and # denotes GFP-HeLa cell across the droplet. (B) Co-encapsulation of EthD-1 (dead
stain)-stained MDA-MB-231 cells with Eu3+-doped NPs. Dead cells are shown in red and live
cells remained colourless. Magenta box identifies a droplet with only NPs, red box identifies a
dead cell with NPs, and green box shows a live cell with NPs. In (B), Eu3+-doped NPs are
depicted in magenta to distinguish from the dead cells (red). Scale bar is 70 µm.
the EthD-1 at higher concentrations. The results observed with Tb3+-doped NPs are shown in
Figure A.3. Although the selected Tb3+ peak (centered at 543 nm) fell within the emission range
of FITC filter collecting the GFP signal (λem = 497-557 nm), no NP signal was detected from the
FITC filter due to its higher excitation window. Additionally, no overlap was observed between
Tb3+-doped NPs and RFP or EthD-1-stained cells due to their non-interfering ranges of emission
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filters (Figure A.3). Further, it was observed that the Eu3+- and Tb3+-doped NPs were only detected
in their respective filter sets. This highlights their potential to simultaneously track cells with two
input conditions on a multiplexed microfluidic trapping array platform which is outside the scope
of this paper.
2.3.3. Quantification of Spectral Independence between Fluorescent stains and RE-doped NPs
All droplet generation experiments yielded a ~99% droplet trapping efficiency with
each NP-encapsulation experiment (Figure 2.4), resulting in ~98% of the droplets
containing NPs and ~2% empty droplets. The fluorescent microscopy images from all
cell/NP co-encapsulation experiments were processed and analysed manually to categorize
four different droplet subpopulations: (1) droplets with NP aggregates, (2) droplets with
cells, (3) droplets with NP and cells, and (4) empty droplets. Single cell encapsulation
efficiencies from cases 2 and 3 followed a Poisson distribution as previously described
(Collins, Neild et al. 2015). An example analysis from three GFP-expressing HeLa and
Eu3+ doped NP co-encapsulation experiments (n=787 droplets from each experiment),
yielded an average of 28±1 (4%) empty droplets, 310±36 (43%) droplets with NPs, 356±37

Figure 2.6. Distribution of co-encapsulated subpopulations of cells and NPs in trapped droplets.
(A) Percentage of each subpopulation (n = 2325 droplets total). B) Images of each
subpopulation including droplets with: (i) NP, (ii) cell, (iii) NP and cells, and (i) NP, (ii) cell,
(iii) NP and cells, and (iv) empty droplet. Scale bar is 35 µm.
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(50%) droplets with NPs and cells and 21±7 (3%) droplets with cells (Figure 2.6). A similar
distribution was observed for all cell/NPs co-encapsulation experiments, subjected to no
deviations from the specified cell density and NP concentration values. Until now, all the
above reported results have been qualitatively evaluated by visual inspection of the cells
and NPs within the aqueous droplets. In effort to confirm that the signals observed were
distinct and reproducible, the fluorescent and luminescent signals of the cells and NPs from
their respective filter sets were measured across each of the droplet diameter. Results from
GFP-HeLa/Eu3+-doped NP co-encapsulation and RFP-MDA-MB-231/Eu3+-doped NP coencapsulation experiments are shown in Figure 2.7 A-B. Figure 2.7 A-i represents a droplet
with only a GFP-HeLa cell, where the cell gave a distinct signal in the FITC filter. Here,
no signal was detected from the filter set 1 due to the absence of Eu3+-doped NPs. In Figure
2.7 A-ii, a droplet with single GFP-HeLa cell co-encapsulated with Eu3+-doped NPs is
shown. The cells and NPs exhibited distinct emission spectra contributing to clearly defined
and distinct signals from their respective filter sets. Similarly, for an RFP-MDA-MB231/Eu3+ co-encapsulation experiment, the cells and NPs gave distinct signals from their
respective filter sets as shown in Figure 2.7 B (RFP from rhodamine filter and Eu3+ NPs
from filter set 1). Next, a population of live and dead MDA-MB-231 cells were stained
with EthD-1 and co-encapsulated with Eu3+-doped NP inside droplets. The outcome of this
experiment was categorized into six droplet subpopulations: droplets with 1) only NPs, 2)
only live cell(s), 3) only dead cell(s), 4) live cell(s) with NPs, 5) dead cell(s) with NPs, and
6) a combination of live and dead cells with NPs co-encapsulated inside the same droplet.
Example cases from subpopulations (4) and (5) are shown in Fig. 7C. In the case of coencapsulating a live cell and NPs (Figure 2.7 C-i), the Eu3+ NP gave a prominent signal
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from filter set 1 while the live cells did not contribute to any fluorescent signal in rhodamine
filter due to the lack of EthD-1 uptake. Conversely for a droplet co-encapsulating a dead
cell and NP, the dead cell (presence of EthD-1) and Eu3+-doped NP gave distinct signals in
their respective filter sets (Fig. 2.7 C-ii). Similar analyses for spectral independence of
Tb3+-doped NPs with GFP, RFP, EthD-1 are represented in Figure A.4.

Figure 2.7. Spectral independence of Eu3+-doped NP with common fluorescent markers. (A)
GFP and (B) RFP. Line scan across droplets showing a significant signal from the GFP-HeLa
cell in (A)-i; spectral independence of Eu3+ NP with GFP- HeLa cell in (A)-ii. RFP MDA-MB231 cell in (B)-i; RFP MDA-MB-231 cell with Eu3+ NP in (B)-ii. (C) A population of live and
dead MDA-MB-231 cells co-encapsulated with Eu3+-doped NP. Line scan across a droplet
having a live cell with NP in (C)-i and dead cell with NP in (C)-ii. * denotes NP and # denotes
cell and their corresponding signal intensities across the droplet. Note: Eu3+ NPs are depicted in
magenta to distinguish from RFP and dead stain (red). Scale bar is 35 µm.
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Numerical validation of spectral independence between luminescent NPs and
fluorophores was performed. A sample size of n=50 droplets was analysed for each of the
subpopulations shown in Figure 2.7 and Figure A.4. The acquired fluorescence intensities
of cells and NPs, in terms of NFS, from all filter sets were recorded and compared with
each other in terms of S:N ratio values. Tables A.1 and A.2 show the spectral independence
validation of Eu3+-doped NPs and Tb3+-doped NPs with GFP, RFP and EthD-1. For
different droplet subpopulations co-encapsulating fluorescent cells and Eu3+-doped NPs,
the NPs had a prominent average S:N ratio value of ~5:1 only observable with filter set 1
(Table A.1). Similarly, the fluorescent cells recorded distinct average S:N ratio values from
only their respective filter sets: GFP in FITC filter, RFP and EthD-1 in rhodamine filter,
respectively. Similar numerical validation was done for the spectral independence of Tb3+doped NPs (Table A.2). The Tb3+-doped NP had a distinct average S:N ratio value of ~3:1
from only its filter set 2, while the fluorescent cells recorded distinct signals from only their
filter sets. Moreover, the Eu3+-doped NPs could not be detected above the noise using filter
set 2 and likewise for Tb3+-doped NPs with filter set 1. Thus, these measurements
demonstrate the potential of using RE doped NPs as a probe to track multiple input
conditions on a single platform. Moreover, statistical assessment of the average S:N values
for the two RE3+-doped NPs and fluorescent cells were performed using single/two-tailed
hypotheses tests to determine the average threshold S:N range of luminescent NPs and
fluorescent cells collected from all filter sets. The resultant p- values of the hypotheses tests
from Tables A.3-A.5 and A.6-A.8 highlight the distinct emission spectra from RE3+-doped
NPs, GFP, RFP and EthD-1. Specifically, the p-values highlight the clear and consistent
identification of NPs and cells based on luminescent spectra and their ability to act as
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secondary identifiers for potential applications in droplet trackers for multiplexed platforms
and other biological systems.
2.3.4. Dose Response Analysis of MDA-MB-231 Cells to Paclitaxel Using Luminescent NPs
Single cell analysis techniques have been instrumental in identifying lowoccurrence, drug resistant subpopulation of cells. Microfluidic droplet trapping arrays can
quantify the intracellular distribution of fluorescence across single cells and directly
visualize cells to minimize the number of false positives which occur during flow cytometry
studies. However, tracking the inputs into these devices has been limited by overlapping
fluorophores used for droplet tracking and biological interrogation. Thus, upon numerical
validation and statistical characterization of spectral properties of the two luminescent NPs,
the capabilities of the microfluidic droplet tracking platform were evaluated for a real time
application quantifying the single cell responses to different therapeutic doses. MDA-MB231 cells were treated off-chip with three different doses of Paclitaxel (PTX), a microtubule
inhibitor, for three different incubation times (24 h, 48 h, or 72 h). The single cell dose
response was tracked in the device using three corresponding NPs (Eu3+-doped NP for 10
µM, Tb3+-doped NP for 50 µM, and undoped NP for 100 µM PTX) in the microfluidic
droplet array. The experiments at each of the three incubations times were performed
simultaneously on the fluorescent microscopy stage to demonstrate the ability of the
luminescent materials to discretely track cell viability after drug treatment with three
different doses over a period of 72 h. A representative image of droplet tracking from the
48 h time point is shown in Figure A.5, where a heterogeneous response was observed in
terms of live cells (colourless due to the absence of EthD-1 uptake) and dead cells (red due
to EthD-1 uptake) as tracked by Eu3+-doped NP for 10 µM PTX (Figure A.5 A), Tb3+-
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doped NP for 50 µM PTX (Figure A.5 B), and undoped NP for 100 µM (Figure A.5 C). To
determine if the results from these tracking experiments conformed with previously studied
drug effects on MDA-MB-231 cells, the resultant heterogeneous dose-dependent cellular
responses from duplicate droplet tracking-drug experiments were compared with no drug
positive control experiments. Figure 2.8 shows the mean MDA-MB-231 cell viability data
(in percentage) with standard deviations for the three different concentrations of PTX
tracked by three corresponding NPs and no-drug positive control at different time points.
For the tracked data, the cell viability gradually decreased based on dose and time
dependent treatment for the three drug concentrations: 103 ± 40 viable cells out of 142 ±
48 cells (71.34%) to 128 ± 95 viable cells out of 212 ± 140 cells (54.59%) for the Eu3+doped NP tracked-10 µM PTX, 147 ± 69 viable cells out of 260 ± 105 cells (54.69%) to
136 ± 58 viable cells out of 287 ± 66 cells (40.46%) for the Tb3+-doped NP-tracked 50 µM
PTX and 50 ± 1 viable cells out of 116 ± 27 cells (45.01%) to 32 ± 6 viable cells out of 124
± 8 cells (21.63%) for the undoped NP tracked-100 µM PTX during 24h to 72 h.

Figure 2.8. Dose and time dependent viability response of MDA-MB-231 cells to PTX. Cells
were treated with 10 µM, 50 µM and 100 µM PTX off-chip and observed on-chip at 24 h, 48 h
and 72 h using droplet microfluidic tracking system. Significant differences compared to nodrug positive control treatment. *p<0.1, **p<0.05, ***p<0.01 are indicated.
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Alternatively, healthy cell viability average of around ~85% was observed throughout for
the no-drug control population. The three different dose responses were statistically
compared with the positive control with a null hypothesis being the average difference of
cell viability between dose-dependent responses and control is zero. After a series of onetailed t-test (with α=0.05), the null hypothesis was rejected in all cases based on the
significant p-values as shown in Figure 2.8. The findings from these droplet tracking studies
were similar to previously reported drug studies (Kern and Schroeder 2014). These findings
demonstrate the potential of luminescent nanomaterials coupled with a microfluidic droplet
trapping array as an approach to provide insight on therapeutic effectiveness and dosedependent heterogeneous single cell response at the same time. While the studies presented
here were limited by a single-input microfluidic droplet trapping, the luminescent
nanomaterials characterized here can be incorporated into multiple input droplet
microfluidic devices (Bui, Li et al. 2011, Gu, Zhang et al. 2011, Muluneh, Kim et al. 2014)
to exploit their full potential to track droplets, the results of which will be reported in the
future. Nevertheless, the successful results from the single-input droplet tracking
experiments emphasizes the capability of expanding this in multiplicity by combining
multi-inputs and similarly doped NPs to simultaneously track different input conditions at
the same time.
2.4. Conclusions
A series of droplet tracking experiments co-encapsulating RE (Eu3+ and Tb3+)-doped
NPs and fluorescently labelled cells was successfully performed using a single-input
microfluidic device. This platform utilized low-cost luminescent RE-doped NPs in a droplet
microfluidic device instead of expensive, overlapping barcodes (antibodies and dyes) to

51

demonstrate, for the first time, their ability to track droplets in a spectrally independent
manner using fluorescent microscopy. This work found that the DC emission spectra of
Eu3+-doped NP (in red) and Tb3+-doped NP (in green) did not overlap with common
fluorophores (GFP, RFP) and fluorescent biochemical stain (EthD-1), thus overcoming the
limitations of commonly used tracking materials. The fluorescence and luminescence
signals of cells and NPs were quantified for spectral independence through a series of signal
measurements and statistical single/two-tailed hypotheses tests. As a result of this robust
quantification, the spectral independence of these RE- doped NPs was well ascertained.
Furthermore, these biocompatible and spectrally independent RE-doped luminescent NPs
were used to quantify single cell dose response of MDA-MB-231 cells to PTX, where each
of the NPs was able to visually isolate and distinctly track single cancer cells challenged
with specific doses of drug. The strength of this tracking system to perform both
population-based and single-cell analysis of cancer cells to identify distinct subpopulations
of cells, including drug resistant ones was highlighted. While the data presented in this
paper utilized only two RE dopants in a single-input microfluidic droplet trapping array,
this novel nanoparticle-microfluidic hybrid platform has significant potential for
multiplexing to increase the number of parameters which are simultaneously screened and
trapped for an improved statistical response. Additionally, this hybrid platform poses a clear
advantage to perform multiplexed, dynamic cellular measurements including the
intracellular distribution of biochemical stains.
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Chapter 3. Simultaneous Droplet Generation with In-series Droplet TJunctions Induced by Gravity-induced Flow
3.1. Introduction
There has been significant interest in the field of droplet-based microfluidics as evidenced
by numerous applications covering a broad range of topics including nanoparticle synthesis
(Dendukuri, Tsoi et al. 2005, Abate, Kutsovsky et al. 2011), chemical reactions (deMello 2006),
protein crystallization (Chen, Gerdts et al. 2005), biological assays, and cellular analysis (Tewhey,
Warner et al. 2009, Agresti, Antipov et al. 2010, Qu, Eu et al. 2012, Vaithiyanathan, Bajgiran et
al. 2019). This is due to several advantages of two-phased microfluidics systems including a low
reagent needs, a high surface area-to-volume ratio to facilitate fast reactions, and precise control
the droplets (Teh, Lin et al. 2008). In most applications, uniform droplets are desired to ensure
constant, controlled and predictable outcomes. Conversely, some applications require a wide range
of tunable droplet volumes, typically femtolitres to nanolitres. Therefore, it is critical to have a
deep and systematic understanding of microfluidic droplet formation. Microfluidic droplet
production has been primarily achieved through T-junctions (Gupta and Kumar 2010) or flowfocusing junctions (Gonzalez-Estefan, Gonidec et al. 2018). The commonly used flow-focusing
droplet generators have been shown to deliver monodisperse droplets at low capillary numbers
(Ca) when droplets are produced in a highly stable breakup process (e.g., dripping regime)
(Lashkaripour, Rodriguez et al. 2019). However, a complex velocity field and several key
parameters defining the geometry (e.g. oil and water channel width and height) have made it
challenging to analytically model flow-focusing geometries (Lee, Walker et al. 2009).
Additionally, due to challenges in controlling the Rayleigh instability in the jetting regime,
monodisperse droplet formation is achieved only in a narrow range of operation (Li, Liu et al.
2015). The T-junction is a widely applied geometry for droplet generation due to the ease in
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droplet-size controllability and consistency of drop formation and design simplicity (Yang, Zhou
et al. 2013). Despite the plethora of studies on simultaneous emulsification in multi-input flow
focusing microfluidic devices (Link, Grasland-Mongrain et al. 2006, Nisisako, Torii et al. 2006,
Li, Nie et al. 2007), the reports on integrated in-series T-junction droplet generators have been
limited. The challenge in the multiplex production of droplets is to prevent the broadening of their
size distribution due to the complication involved with simultaneously using multiple droplet
generators, which is more evident in in-series T-junction droplet generators (Li, Young et al.
2008).
Another substantial barrier to incorporating microfluidics into biology and bioengineering
labs is that the hardware requirement (e.g. syringe pumps, pressure controllers) for droplet
generation is often cost-prohibitive (Mavrogiannis, Ibo et al. 2016). Syringe pumps are most
commonly used to generate a constant flow from the external macro-environment into a microchannel; however, when a syringe pump is applied to a micro-channel, flow fluctuations can occur
due to the motion of the electric motor and deformation of elastic channel walls (Li, Mak et al.
2014, Zeng, Jacobi et al. 2015). This fluctuation is unavoidable and causes inaccuracy and
instability in flow regulation. Additionally, there are other technical limitations involving syringe
pumps, such as slow fluid response time, low volume dispensed, unwanted pulsatile fluid flow,
and limited knowledge of device internal pressure, which can lead to chip leakage and device debonding (Mavrogiannis, Ibo et al. 2016). Microfluidic chips that use multiple inlets often require
>3 syringe pumps, which can be costly and complicated to operate. A pressure pump can also be
used to induce flow in a more stable manner with faster responses than those of the syringe pumps.
However, accurate control of fluid flow with the pressure source is difficult to achieve in the
presence of parametric uncertainties or disturbances in a microfluidic network (Oh, Lee et al.
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2012). For example, fabrication error, air bubbles in the channel, the wobble of tubes, suspended
cells, or the swelling of the channel can inhibit the accuracy of flow regulation (Dangla, Gallaire
et al. 2010). To overcome these limitations, researchers have developed a number of low-cost, zero
electric power consumption, and portable on-chip passive micropumps by different approaches.
Examples include the hydrostatic pressure-driven micro-pump based on either difference in
medium height or controlled liquid evaporation rate between inlet and outlet medium reservoirs
(Wang, Phan et al. 2016), the surface tension-driven micropump based on the droplets with
different sizes at inlet and outlet ports (Walker and Beebe 2002), the osmotic pressure-driven
micropump based on the solutions with different concentrations (Park, Hwang et al. 2007), as well
as the gas pressure difference-based micropump based on pre-vacuumed PDMS as negative
pressure (Liang, Tentori et al. 2011).
Among these pumping mechanisms, the mechanism based on pressure difference (e.g.,
gravity-driven flow) is the most straightforward and commonly used method in various
microfluidics-based applications (Wang, Zhao et al. 2018). Gravity-driven flow is one of the
simplest passive flow techniques available as it only requires liquid reservoirs with different
heights to achieve fluid propulsion from the higher reservoir to the lower one (Lee, Kim et al.
2012, Goral, Zhou et al. 2013, Marimuthu and Kim 2013). A key advantage of gravity-driven flow
is that the inlet can be filled with more liquid at any time to prolong flow and therefore this type
of pumping can be considered to be an “open” system to enable long-term studies. Furthermore, it
is naturally a low maintenance type of flow, requiring no moving mechanical parts (Zhu, Chu et
al. 2004). The simplicity of gravity-driven flow is beneficial for high-throughput applications as it
eliminates the complexity associated with fluidic interconnects/tubing and the need for off-chip
active pumps that require electrical power (Goral, Zhou et al. 2013). Removal of an external pump
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reduces the total space occupied by the device and enables greater high-throughput implementation
at a lower cost. The formation of air bubbles is a notorious problem in microfluidic systems, and
several attempts have been made to avoid this by using an external or in-line bubble trap (Kang,
Kim et al. 2008, Skelley and Voldman 2008). Using gravity solves the problem of air bubble
formation, since air bubbles are prevented from entering the device due to their buoyancy. Most
of gravity-driven platforms are limited to single input designs which prevent their potential for the
multiplexing applications (Lim, Caen et al. 2015).
In this work, a multi-aqueous-input, in-series T-junction microfluidic droplet device has
been developed that leverages the cost-effective and easy-to-use gravity-driven flow control. The
in-series droplet microfluidic device incorporates four inlet ports: one oil inlet and three aqueous
inlets, each of which can contain three different inlet conditions. Both gravity-induced flow and
syringe pumps were investigated to determine if the in-series T-junctions could yield droplets of
uniform size with comparable droplet generation rates. Prior to droplet generation, the height of
each aqueous inlet reservoir was optimized (ranging from 75-125 cm height above the device)
using different combinations of ‘active’ inlets (e.g., alternating the number and position of the
inlets with aqueous flow inside the device) in the absence of oil flow to characterize the
relationship between reservoir height and flowrate in the device. Using the optimized inlet
reservoir heights, a series of experiments were performed by altering the oil flow rates, where an
increase of droplet size was observed by decreasing the oil flow rate. The droplet generation
experiments were repeated using syringe pumps with different combinations of ‘active’ inlets
where the size of droplet increased as oil flow rate decreased, similar to the trend observed with
gravity-driven flow.
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3.2. Materials and Methods
3.2.1. Device Design, Fabrication, and Replication
The droplet microfluidic device consists of three in-series T-junction droplet generators,
each spaced 4000 µm apart (Figure 3.1). The channel width for the aqueous and oil inlets was set
to 50 and 85 µm, respectively. The microfluidic devices were fabricated by a combination of soft
lithography and PDMS replication.(Vaithiyanathan, Bajgiran et al. 2019) The geometry was
designed in AutoCAD (Autodesk, USA) to generate a transparency mask (CAD/Art) of the fluidic

B)

A)

85µm

C)
50 µm

4000 µm

Imaging Area

Figure 3.1. Microfluidic Device Design and Operation. A) Schematic of the developed gravitydriven platform where reservoirs at different heights were used to initiate the flow in the
aqueous inlets. A syringe pump was used for oil inlet. B) Photograph of the developed droplet
microfluidics platform including the gravity flow/syringe pumps, and the device mounted on
the Leica Microscope. C) AutoCAD design of the droplet microfluidics system showing
different parts of the device.
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channels. A two-step soft-lithography was used to fabricate the silicon master: a 40 µm-thick
negative photoresist polymer, SU-8 2025 (Microchem), was deposited on a clean 3” silicon wafer
(University Wafer) using a spin coater (WS-650MZ-23NPP, Laurell, USA), and baked at 65 °C
for 10 min followed by a second bake at 95 °C for 20 min. After the wafer was cooled to room
temperature, the transparency mask was placed on top of the wafer, followed by exposure to UV
light (1.4 mW cm-2) for 45 s in a custom-built UV exposure set-up using a B100-AP lamp (VWR).
The wafer was baked again at 65 °C for 15 min and 95 °C for 30 min, post UV exposure. These
steps were repeated to generate the 70 µm-thick top layer downstream of the flow focusing junction
to potentially incorporate an overhead trapping to perform dynamic studies in the future
(Vaithiyanathan, Bajgiran et al. 2019). The silicon wafer was developed with a SU-8 developer
solution (Microchem), removing the uncrosslinked SU-8 to produce the microfluidic patterns. The
wafer was hard-baked at 150 °C for 30 min to increase wafer durability.
PDMS replicas (Slygard 184, Ellsworth Adhesives) were generated by mixing the base
agent in a 10:1 ratio with the curing agent, followed by degassing in a vacuum chamber to create
a bubble-free mixture. This PDMS was poured on the silicon master and was cured for at least 6 h
at 65 °C. Once cured, the PDMS was removed from the wafer, and the inlet and outlet ports were
punched using a blunted 18-gauge needle. The PDMS replicas were permanently bonded to 25X75
mm glass slides (Corning) using an O2 Harrick Plasma PDC-32G basic plasma cleaner with a 30
s exposure to plasma. The devices were left overnight to ensure proper bonding between the PDMS
and the glass. The fluidic channels in the microfluidic device were made hydrophobic by manually
injecting Aquapel, using a filtered syringe with excess Aquapel, amd flushued with Novec 7500
oil (3M) to ensure proper droplet formation. Finally, the channels were dried by blowing nitrogen.
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3.2.2. Optimization of External Aqueous Reservoir Height to Generate Uniform Droplets by
Gravity-Induced Flow Inside the Microfluidic Device
To characterize the gravity-induced flow inside the device, the flow rates of different active
aqueous inlets were measured in the absence of oil flow using reservoirs mounted on a custombuilt ring stand at the same height (125 cm). In this study, the active inlet is defined as an inlet that
is punched, connected to a reservoir, and with aqueous flow running through the device. Inactive
inlets were not punched or connected to a reservoir. Single, double, and triple active inlets were
evaluated to determine the effects of inlet number/position on the flow rate of the inlets at similar
reservoirs’ heights (125 cm). The heights of each inlet reservoir were then adjusted to yield similar
flow rates when all inlets were active, with inlet 1 at 125 cm, inlet 2 at 95 cm, and inlet 3 at 75 cm.
In all experiments, 15 mL conical tubes (VWR) were filled with 12 mL of dH2O and were
connected to their respective inlets using Tygon tubing (with inner diameter of 0.5588 mm, Cole
Palmer). Tubing was sealed at the connection point using cured PDMS, to prevent reservoir
leakage. The outlet was connected to a 50 mL conical tube (VWR), positioned at the same height
as the device) using Tygon tubing. The experiments were run over 90 min time periods and the
changes in inlet reservoirs volume were recorded every 15 min by taking a photograph of the dH2O
level inside the 15 mL conical tubes. In each experiment, the volume of collected dH2O from the
outlet was compared to the sum of the volume changes of the active inlets to ensure that no leakage
has happened, and no volume difference was found.
3.2.3. Development of an Empirical Model Relating Aqueous Flow Rate and Reservoir Height
For the first set of experiments involving single active aqueous inlet in the absence of oil
flow the Hagen-Poiseuille equation (Mavrogiannis, Ibo et al. 2016) was used to describe the
relation between the inlet flow rate and the pressure drop:
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∆𝑷𝑯𝟑 𝒘
𝑸=
𝟏𝟐𝒗𝑳

Equation 3.1

where, Q is the volumetric flow rate, ∆P is the pressure drop, h is the channel height, w is the
channel width, v is the fluid velocity and L is the channel length.
Using the empirical findings from aqueous flow-only experiments including single, double,
and triple active inlets, a mathematical model was developed to predict the approximate flow rate
of each inlet at a given reservoir height, which is presented below
𝑸𝒊:𝒋,𝒌 =
𝑨𝒊:𝒋 =

𝟏
𝑨 + 𝑨𝒊:𝒌 + 𝑨𝒊:𝒋,𝒌 ∆𝑯𝒊:𝒋,𝒌
𝟑 𝒊:𝒋

Equation 3.2

𝑸𝒊 − 𝑸𝒊:𝒋
∆𝑯𝒊:𝒋

𝑨𝒊:𝒋,𝒌 =

Equation 3.3

𝑸𝒊 − 𝑸T𝒊:𝒋,𝒌

Equation 3.4

∆𝑯T𝒊:𝒋,𝒌

where Qi-j,k (µL/h) is the flow rate of inlet i when all three inlets were active and connected to
different (optimized) reservoir heights, Ai-j (µL/(h-cm)) is a constant parameter that was calculated
based on the difference of the inlet i flow rate when it was the only active inlet (Qi) and inlet i flow
rate when both inlets i and j were active (Qi-j) divided by the height of inlet i reservoir when inlets
i and j were active and their reservoir were at the same height (∆Hi-j = 125 cm). Similarly Ai-j,k
(µL/(h-cm)) is a constant parameter calculated based on the difference of the inlet i flow rate when
it was the only active inlet (Qi) and inlet i flow rate when all three inlets i, j, k were active (Qi-j,k)
divided by the height of inlet i reservoir when all three inlets i, j, k were active and their reservoirs
were at the same height (∆H’i-j,k = 125 cm). ∆Hi-j,k is the height of inlet i when all three inlets i, j, k
were active and their reservoirs were at different (optimized) heights.
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3.2.4. Investigation of the Effect of the Oil-to-Water Ratio between the Aqueous and Oil Inlets on
Droplet Diameter using Gravity-Driven Flow for the Aqueous Inlets
Using the optimized heights, aqueous droplets were generated from multiple combinations
of aqueous inlets in the presence of oil flow that was initiated using a syringe pump. The oil phase
used in all experiments was Novec 7500 oil supplemented with 2 (w/w) % Neat 008
fluorosurfactant (Ran Biotechnologies). Two different fluorophores were used for two aqueous
inlet reservoirs, fluorescein isothiocyanate (FITC, 100 µM) and Rhodamine 6G (100 µM), to
identify the droplets. The third aqueous inlet only contained DI water which resulted in nonfluorescent droplets. The experiments were performed by varying the oil inlet flow rates (30 to
300 µL/hr) at fixed aqueous inlet flowrate (25 µL/hr) to alter the oil-to-water flow ratio (F) defined
as
𝜱=

𝑸𝑶
𝑸𝒘

Equation 3.5

where Qo and Qw are the volumetric oil and water flow rates, respectively. For each F, the droplets
were imaged primarily in the opening of the main channel (Figure 1). Each experiment took ~3045 min to perform.
For all experiments, the device was mounted on a fluorescent DMi8 inverted microscope
(Leica microsystems) outfitted with a 10× objective (Leica HC PL FL L, 0.4× correction) under
brightfield. Images were acquired using the digital CMOS camera C11440 (Hamamatsu Photonics
K.K.) with a fixed exposure time of 100 ms for the FITC and rhodamine filters, and 25 ms for
brightfield. Image acquisition was controlled using the Leica Application Suite software (LAS X),
where all images were recorded using the same parameters. The following excitation/emission
filters (Chroma Tech. Corp) were used to image the device: FITC (λex 440–520 nm and λem 497–
557 nm); rhodamine (λex 536–556 nm and λem 545–625 nm).
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3.2.5. Investigation of the Effect of the Oil-to-Water Ratio between the Aqueous and Oil Inlets on
Droplet Diameter using Syringe Pumps to Induce Aqueous Flow
To compare droplet diameter between two different droplet generation method, two syringe
pumps (KD Scientific) were used for the aqueous inlets and one syringe pumps was used to initiate
the oil flow. The two syringe pumps (one containing two 5 mL syringes and the other containing
one 5 mL syringe) were connected to the microfluidic device by Tygon tubing to deliver a constant
aqueous flow rate of 25 µL/h. Droplets were generated using different combinations of either
double or triple active aqueous inlets by varying oil inlet flow rate from (100 to 400 µL/h). Similar
to the gravity-driven experiments, the droplets were imaged in the opening of the main channel at
a given F value (Figure 3.1). Each experiment took ~60-75 min to perform. The reason for the
increased experimental time (compared to gravity driven) is the relatively long initial adjustment
of flow rates to induce droplet generation.
3.2.6. Measurement of Droplet Diameter and Generation Rate and Statistical Analysis
A manual line scan was drawn across individual droplets to measure their diameters using
LAS X software. For each experiment, the mean diameter was measured for 30 droplets from each
aqueous inlet for four different oil-to-water ratio. The mean diameters were further analyzed using
an ANOVA to determine the relationship between the droplet size, F, and the aqueous inlet
number and position using Origin software. ANOVA was performed to assess the statistical
significance of the mean droplet size at a particular F value and across different F values in
gravity-driven and syringe experiments. Additionally, to compare the two flow initiation methods,
the statistical significance of mean droplet size between gravity-driven flow F values and their
syringe pumps counterparts was evaluated. The threshold (p-value) for all experiments was set to
0.05. The droplet generation rate of the inlets was measured by monitoring the droplet generation
at each T-junction using a recorded video for a total of 40 s time span with 21.2 frame rate
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(frame/s). The measurements were performed on each F value for the three active inlet droplet
generation experiments in syringe pumps and gravity-driven flow.
3.3. Results and Discussion
3.3.1. Non-uniform Reservoir Heights are Required to Generate Uniform Droplets Using Gravityriven Flow in Three In-line Aqueous Inlets
An essential aspect of droplet microfluidic is to generate droplets of uniform size to ensure
accurate comparisons between the cargo inside of the droplet. Droplets of uniform size can be
easily tuned by adjusting the flow rates on syringe pumps by tuning the ratio between the oil and
aqueous flow rates. As such, the first step in this study was to identify the necessary heights for
the three aqueous reservoirs to generate uniform droplets from the three in-line aqueous inlets.
This required a series of experiments to determine the relationship between aqueous flow rate and
reservoir height for all three inlets. The first set of experiments involved measuring the flow rate
from a single active aqueous inlet in the absence of oil flow. This was accomplished by connecting
a single active inlet to a reservoir at a preset height of 125 cm to, the furthest the reservoir could
be positioned away from the device and still allow for facile operation. The reservoir was filled
with 12 mL of dH2O and the volume of water dispensed was measured at 15 min intervals
throughout a 90 min time course to approximate the average aqueous inlet flow rate for each of
the three inlets (Figure B.1). Flow rates of 333 µL/h, 467 µL/h, and 633 µL/h were observed for
aqueous inlets 1, 2, and 3 respectively. Interestingly, it was found that the increasing the distance
between the active aqueous inlet and the oil inlet resulted in greater flow rates (Table 3.1). The
difference between the flow rates can potentially be explained by the proximity of the active
aqueous inlet to the widening of the channel downstream of the T-junctions (Mavrogiannis, Ibo et
al. 2016). The reason for including this widened channel is to later incorporate an overhead
trapping array to perform dynamic measurements of the cargo in the droplets as previously
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described (Vaithiyanathan, Bajgiran et al. 2019) The presence of the widened channel can result
in a pressure drop under low Reynolds number flow (Re = 1.5, 2.1, and 2.8 for inlets 1, 2, and 3,
respectively) which can be modeled by the Hagen-Poiseuille law using Equation 3.1. Assuming
that the pressure changes are negligible for outlet channel with width higher than 1500 µm (Chin
Fhong Soon 2016), the change in pressure drop from the aqueous inlets to the widened channel
drives an increase in the flow rate from the aqueous inlets.
Table 3.1. Summary of the results of the gravity-driven flow height optimization in the absence
of oil flow.
Single Active Inlets - Reservoirs at the Same Height (∆H = 125 cm)
Inlet 1 Flow Rate (µL/h)

Inlet 2 Flow Rate (µL/h)

Inlet 3 Flow Rate (µL/h)

333.3

-

-

-

466.6

-

-

-

633.3

Double Active Inlets - Reservoirs at the Same Height (∆H = 125 cm)
Inlet 1 Flow Rate (µL/h)

Inlet 2 Flow Rate (µL/h)

Inlet 3 Flow Rate (µL/h)

200

366.7

-

200

-

433.3

-

200

266.7

Triple Active Inlets - Reservoirs at the Same Heights (∆H = 125 cm)
Inlet 1 Flow Rate (µL/h)

Inlet 2 Flow Rate (µL/h)

Inlet 3 Flow Rate (µL/h)

100

166.7

233.3

(table cont’d)
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Triple Active Inlets - Reservoir at Different Heights (∆H = 125, 95, and 75 cm)
Inlet 1 Flow Rate (µL/h)

Inlet 2 Flow Rate (µL/h)

Inlet 3 Flow Rate (µL/h)

152.6

148.7

147.6

The results from the single aqueous inlet studies confirmed that uniform reservoir heights
are not suitable to generate uniform aqueous inlet flow rates. Moreover, a major challenge in
simultaneous droplet generation is the parametric coupling of the droplet generators, where parallel
or in-series junctions (either flow-focusing or T-junctions) are interconnected and the formation
of droplets at a particular junctions effects droplet formation at another one (Barbier, Willaime et
al. 2006, Li, Young et al. 2008). This necessitates control and balance of the pressure/flow rate
over the entire set of generators. As such, the use of multiple active aqueous inlets was first
investigated to study the interplay between the presence or two or three active inlets at the same
height (125 cm). Three combinations of two active aqueous inlets were studied (e.g., inlets 1 and
2, inlets 1 and 3, and inlets 2 and 3) to elucidate the effect of multiple in-line T-junctions in the
absence of oil flow (Figure B.2). As shown in Table 1, the different combinations of active aqueous
inlets resulted in a range of flow rates with a general trend that the presence of a second active
aqueous inlet resulted in a net decrease in the flow rate for both inlets. This can possibly be
explained by the hydrodynamic resistance exerted on a given aqueous inlet from another active
inlet (Li, Young et al. 2008). Interestingly, it was found that when the two active aqueous inlets
were adjacent to each other (e.g. inlets 1 and 2 or inlets 2 and 3) the strong parametric coupling
between them decreased the flow rate of both inlets more drastically when compared to when the
inlets were further apart (Table 3.1). It was also observed that the aqueous inlet closer to the oil
inlet was only able to achieve a max flowrate of 200 µL/h regardless of inlet identity. Next, a single
combination of all three active aqueous inlets was implemented in the absence of oil flow with a
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fixed height of 125 cm for all three reservoirs (Figure B.3). This resulted in a further overall
decrease in the flow rates for all three inlets of 100, 167, and 233 µL/h for inlets 1, 2, and 3
respectively. This confirms that the gravity-induced flow rate in the microchannel was dependent
on the height of the reservoir, the amount of liquid inside each reservoir, the inlet position, and the
degree of parametric coupling between different inlets inside of the microfluidic device. An
empirical model was developed using the parameters for the aqueous flow only experiments to
better characterize the system and predict the relationship between reservoir height and aqueous
flow rate. Using the data from single, double, and triple active inlets at fixed reservoirs height (125
cm), the constant parameters in equations 2-4 were calculated, and the results are summarized in
Table 3.2. By setting up the inlet 1 at 125 cm, inlet 2 at 95 cm, and inlet 3 at 75 cm, relatively
similar flow rates were calculated (Table 3.2). Using this model, the height of each aqueous inlet
reservoir was tuned to yield similar flow rates (148-152 µL/h) from each aqueous inlet to ensure
monodisperse droplets from all inlets (Table 3.1 and 3.2). The calculated flow rate values from the
model were then compared to the experimentally measured flow rate, where relatively low
coefficient of variance (CV, 8.4-12.9%) was observed. While the flowrates were not identical, they
were close enough in magnitude to ensure monodisperse droplets. Moreover, it is suspected that
the higher flow rate of inlet 1 is slightly larger due to its proximity (and subsequent back pressure)
to the oil inlet.
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Table 3.2. The calculated Ai-j and Ai-j,k values from the gravity-driven flow height optimization
experiments in the absence of oil flow.
Inlet 1

Inlet 2

Inlet 3

A1-2 = 1.06

A2-1 = 0.8

A3-1 = 1.6

A1-3 = 1.06

A2-3 = 2.13

A3-2 = 2.93

A1-2,3 = 1.87

A2-1,3 = 2.40

A3-1,2 = 1.87

Calculated Q1-2,3 = 166.2

Calculated Q2-1,3 = 167.8

Calculated Q1-2,3 = 160

Measured Q1-2,3 = 152.6

Measured Q1-2,3 = 148.7

Measured Q1-2,3 = 147.6

CV = 8.9%

CV = 12.9%

CV = 8.4%

3.3.2. Decreasing the Oil-to-Water Ratio (F) Increases Droplet Diameter without Affecting
Droplet Uniformity
Recent studies in T-junction designs have investigated the impact of the flow
characteristics, such as flow rates (Nekouei and Vanapalli 2017), liquid properties (Kaushik, Hsieh
et al. 2018), and channel dimensions (Schneider, Burnham et al. 2011) on the droplet size. Among
these parameters, varying the ratio between the oil and aqueous flow rates (F) is the simplest way
to control droplet size. Four oil-to-water ratios were studied using the gravity-driven flow system
by changing the oil flow rate (ranging from 30-300 µL/h) using the reservoir heights identified
previously. The oil flowrate was maintained by a syringe pump to minimize the total volume of
oil needed for an experiment to minimize the waste of the expensive surfactant needed to prevent
droplet merging. An overlay of the three microscopy images (two fluorescent, one brightfield)
allowed for facile identification of the droplets generated from the three aqueous inlets (Figure 3.2
A). The average droplet diameters for all three aqueous inlets were statistically similar for all four
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F values based on an ANOVA test (Table B.1). This supports the findings from Table 1 that the
three aqueous inlets are supplied with the same flow rates resulting in monodisperse droplets.
Droplet diameters were found to inversely proportional to F (Figure 3.2 B), in line with
previous reports for single T-junction (Xu, Li et al. 2006). This is based on the fluid dynamics
governing a T-junction where the flow rate of the continuous oil phase (and therefore its velocity)
is decreased causing larger aqueous droplets due to the shear stress acting on the emerging aqueous
filament decreasing. Conversely, decreasing the flow rate of the dispersed aqueous phase results
in smaller droplets, since the emerging droplet tip is “deflated” with smaller amounts of the
dispersed phase liquid. This increase in droplet diameter starts at values of F greater than one;
however, values of F lower than one (specially F = 0.25) results in a statistically significant
change in droplet diameters shifting from 128.5 ± 3.3 µm diameter droplets to 176 ± 4.6 µm
diameter droplets (Figure 3.2 B, Table .B.2). This is mostly likely explained by to the flow regime
change from jetting to squeezing (Lashkaripour, Rodriguez et al. 2019). When ANOVA was
performed on the droplet diameter across different F values, it was found that the average droplet
diameter varied according to the F values (Table B.2). This is similar to what has been observed
in the literature that decreasing F yields significant changes in droplet diameter (Lashkaripour,
Rodriguez et al. 2019). The one exception to this finding was when the ANOVA compared droplet
diameter for F = 1 and 2, which was found to not be significant. It is important to note that in most
experiments <5% of the droplets are either too small or too large which can be explained by droplet
breakups that occurs when the droplets enter the main channel and encounter PDMS residue (data
not shown). Additionally, the initial flow instabilities at the T-junctions can result in inconsistent
simultaneous droplet generation, which is similarly experience when generating droplets by
syringe pump. Finally, droplet generation stops at F > 2 in the gravity-driven system when the
68

A)

B)

Rhod 6G

FITC

DI

Figure 3.2. Decreasing the oil-to-water ratio (F) increases droplet diameter in gravity-driven
flow. (A) Overlay fluorescence microscopy image of the droplets generated from inlets 1 (DI
Water), 2 (FITC), and 3 (Rhodamine 6G). Scale bar represents 100 µm (B) The mean droplet
diameter from the three different inlets at the same oil-to-water ratio were not significantly
different from each other at a given F. For each inlet, 30 droplets were measured for four
different oil-to-water ratios. The results are representative of a single trial.
shear stress applied by the oil flow halts the aqueous phase from reaching the T-junction at inlet
1. This is similar to single input studies described in the literature (Nan, Cao et al. 2020). As such,

F values greater than 2 were not investigated in this study for the gravity-driven flow system.
Similarly, when F < 0.25 the water will infiltrate the oil channel resulting in the generation of
massive droplets or wetting the entire chip with water.
3.3.3. A Similar Relationship of Decreasing Oil-to-Water Ratio (F) and Increasing Droplet
Diameter Occurs with In-line T-junctions Using Syringe Pumps
A similar set of experiments were performed to investigate the relationship between F and
droplet diameter in addition to comparing the performance of the gravity-driven flow system to
the more established syringe pump-based system. First, a series of two active aqueous inlet
experiments were performed using a syringe pump to identify the oil-to-water ratio range in the
microfluidic device in addition to studying the parametric coupling between the different T
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junctions. For all of these experiments the flow rate on the syringe pump was set to 25 µL/h for all
aqueous inlets while the flow rate for the oil inlet was varied between 100-400 µL/h (F between
4-16). The difference between the reported F values using syringe pump versus gravity-driven
flow are due to the fact that the calculated values for the three aqueous inlets for gravity-driven
flow were found in the absence of an oil flow rate which resulted in aqueous flow rates much

A)

B)

C)

D)

Figure 3.3. Droplet diameter increases as the oil-to-water ratio (F) value decreases when using
syringe pumps. The relationship between F and droplet diameter was elucidated using active
inlets 1 and 2 (A), inlets 1 and 3 (B), inlets 2 and 3 (C), or inlets 1, 2 and 3 (D). In all cases, the
size of the droplets from all the inlets increased as F decreased. The mean diameters from
different inlets were not significantly different from each other at a given f in the triple active
inlets experiment. 30 droplets were measured in each case and the results are representative of a
single trial. * denotes p<0.05, ** denotes p<0.01.
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higher using gravity-driven flow when compared to the syringe pump. The first takeaway from
this analysis was that there were certain conditions using the two active aqueous inlets that results
in statistically significant variations in droplet diameter resulting in non-monodisperse droplets
(Figure 3.3, Tables B.3-B.5). While the majority of F values for the three combinations (inlets 1
and 2, inlets 2 and 3, and inlets 1 and 3) yielded monodisperse droplets, there were two
combinations that resulted significant difference in droplet diameter. The first occurred at a F = 4
using inlets 1 and 2 (Figure 3.3 A) and the second at F = 12 using inlets 2 and 3 (Figure 3.3 C).
These statistically significant differences can be most likely explained by occasional difference in
droplet diameter due to flow inconsistencies associated with syringe pumps as there does not
appear to be similarities with respect to the fluid dynamics for these two conditions. A similar
trend was observed using the syringe pumps for the two active aqueous inlets as was found using
the gravity-driven flow with the average droplet diameter inversely proportional F. Droplet
diameter gradually increases for all three combinations of the two active aqueous inlets as F values
dcreases from 16 to 8 with average diameters of ~125, ~135, and ~150 µm respectively. However,
a substantial change was observed when the F value was set to 4 resulting in an average droplet
diameter of ~210 µm. This is similar to the trend observed when studying the three active aqueous
inlets using gravity flow (Figure 3.3 A-C). This dramatic shift can be explained by a flow regime
change similar to what was observed at F = 0.25 using gravity-driven flow.
Once the parametric coupling between two active aqueous inlets was elucidated, the next
step was studying the relationship between droplet diameter and F using three active aqueous
inlets. The same four F values were used for the three aqueous inlet study as was used for the two
inlet experiments (Figure 3.3 D). The first important observation was that there was no statistically
significant difference in droplet diameter for droplets generated from all three active inlets for all
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four F value (Table B.6). This is like what was observed with the gravity-driven flow approach
(Table B.1) which confirmed both methods to induce flow resulted in monodisperse droplets. Next,
a statistically significant difference in droplet diameter was observed for the different F values
(Figure 3.3 D, Table B.7). Similar to the two active inlet experiments, a gradual increase in droplet
size was observed for decrease F value of 16 to 12 to 8 resulting in average droplet diameters of
116.5 ± 3.7, 118.5 ± 4.2, and 142.5 ± 4.9 µm respectively (Figure 3.3 D). However, decreasing the

F value to 4 yielded droplets with an average diameter of 207.2 ± 5.3 µm. An ANOVA was
performed comparing all combinations of F which identified that there was a statistically
significant difference in droplet diameter across all F values (Table B.7). The exception to this
observation was no significant difference in droplet diameter between F values of 12 and 16 (Table
B.7). This is the same trend that was observed using gravity-driven flow confirming that using
gravity-driven flow is an acceptable alternative to syringe pumps to generate monodisperse
droplets from three in-line T-junctions.
3.3.4. Droplet Diameter and Generation Rate Differs when Using Gravity-Driven Flow when
Compared to Syringe Pumps
The relationship between droplet diameter and F was found to be the same using both
gravity-driven flow and syringe pumps; however, a direct comparison between the approaches is
needed to fully characterize droplet generation using both approaches. An ANOVA was performed
on mean droplets diameters for the three active aqueous inlet experiments for the four different F
values utilized for both gravity-driven flow experiments and syringe pumps experiments (Table
B.8) While the exact values for F were not the same for the two approaches, the relative ranking
of the F values in terms of ‘large’ and ‘small’ were used to identify which F values to compare
with the ANOVA. Interestingly, the analysis found no significant difference at the two larger F
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values but a significant difference at the two smaller F values (Table B.8). Specifically, it found
that droplet diameter was significantly different when lower F values were compared (e.g. Fgravity
flow

= 0.25 and Fsyringe pump = 4), whereas, droplet size was not significantly different at higher F

values such as fgravity flow = 1 and fsyringe pump = 12. These results are indicative of higher discrepancy
between the gravity-driven flow and syringe pumps at low F values, which is the result of the
increase in rate of filling of the dispersed phase (aqueous) thread, permitting most of the channel’s
cross-section to be occupied. Finally, the droplet generation rates as a function of F were compared
between the two methods of inducing droplet formation using three active aqueous inlets (Figure
3.4). Generally, droplet generation rate was found to be lower when using gravity-driven flow (~14 Hz) when compared to the syringe pumps (~10-15 Hz). This can be potentially be explained by

A)

B)

Figure 3.4. The droplet generation rate was substantially faster using a syringe pump when
compared to gravity-driven flow. The droplet generation rate was measured by calculating the
number of generated droplets over span of 6-10 s using gravity driven flow (A) or syringe
pumps (B). A minimum of 40 droplets were counted for each inlet for each method to induce
flow. In gravity-driven flow an initial increase is observed with decreasing the F value, this
increase is different for each inlet across F values. The increase is further plateau at lower F
values (for inlet 2 at F =0.5). No apparent relation was found between f and generation rate in
syringe pumps.
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the constant influx and flowrate of the aqueous streams using the syringe pump when compared to
the varying flowrate of the gravity-driven flow governed by the height of the column of liquid in
the reservoir. In gravity-driven flow, an initial increase in generation rate can be observed for all
three aqueous inlets as the value of F decreases which ultimately plateaus for inlets 2 and 3 around
4 Hz and 3 Hz respectively. There was no apparent plateau for inlet 1 which continue to increase
from 1 to 4 Hz with decreasing F values. The generation rates from all three aqueous inlets did
not appear to follow a noticeable trend when using the syringe pumps with the average generation
rate fluctuating around 10-12 Hz for the higher values of F between 8-16. The exception was for
the F value of 4 which found a markedly different generation rate between the inlets spanning 818 Hz with inlet 1 producing the most droplets while inlet 2 produced the fewest droplets.
Interestingly, for inlet 1 both systems observed an increasing in droplet generation rate for
decreasing F values, which is in accordance to what have been previously reported in literature
for single input T-junctions (Yao, Lin et al. 2019).
3.4. Conclusions
A multi-input microfluidic platform capable of simultaneous generation of monodisperse
droplets has been developed. The fluid flow from each inlet, droplet generation rate, and droplet
size were tuned through a series of experiments using two different flow initiation methods
resulting in monodisperse droplets of diameters varying between 120-210 µm based on the oilto-water ratio (F). A gravity-induced flow approach was incorporated to simultaneously generate
droplets from three separate inlets without the need >3 syringe pumps. A comparison between
droplet diameter and droplet uniformity was performed which found that both gravity-induced
flow and syringe pumps exhibited the same relationship that decreased values of F led to
increasing droplet diameters. A direct comparison between droplet diameters for both flow
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approaches found a difference in droplet diameter for lower F values but an insignificant
difference in droplet diameter for larger F values. A similar comparison between the droplet
generation rates using the two approaches confirmed that syringe pumps can generate droplets
roughly one order of magnitude faster than syringe pumps; however, this small difference is not
enough to deter the use of gravity-driven flow for future multiplexed applications.
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Chapter 4. Effects of Weak Electric Field on the Photoluminescence Behavior
of Bi3+-Doped YVO4:Eu3+ Core-Shell Nanoparticles2
4.1. Introduction
Rare earth (RE)-doped metal oxides have been employed in a variety of luminescent
applications due to their high photochemical stability, low toxicity, large (anti-)Stokes shifts, sharp
emission spectrum, and reduced photobleaching (Sohn, Zeon et al. 2002, Nichkova, Dosev et al.
2005, Goldys, Drozdowicz-Tomsia et al. 2006, Binnemans 2009, Dong, Du et al. 2015, Back,
Trave et al. 2018, Vaithiyanathan, Bajgiran et al. 2019, Zhang, Shikha et al. 2019). Upon doping
into a crystal host, the energy levels of a RE ion split, allowing for emission via partially forbidden
transitions (Eliseeva and Bunzli 2010). These well-defined energy levels are relatively insensitive
to the crystal host due to the shielding of the partially filled 4f orbitals by the filled 5s and 5p shells
(Liu 2006, Eliseeva and Bunzli 2010, Barry, Caffrey et al. 2016). Additionally, co-doping with
so-called “sensitizer ions”, dopants with higher absorption cross-sections (𝜎abs), is commonly used
to enhance the overall luminescence intensity via energy transfer (ET) between the two dopants.
For instance, Yb3+ (𝜎abs = 11.7×10-21 cm2) is commonly co-doped with Er3+ (𝜎abs = 1.7×10-21 cm2)
for upconversion luminescence at 980 nm excitation (Strohhofer and Polman 2003). This ET
mechanism is possible only when there is significant overlap between the dopant energy levels
(Naccache, Vetrone et al. 2008, Li, Geng et al. 2011, Suffren, Zare et al. 2013). Consequently, the
co-doped systems are limited, and only a few special examples apply for the RE luminescence
processes (Boyer, Gagnon et al. 2007, Qiu, Chen et al. 2011, Rodriguez-Liviano, Aparicio et al.
2012). Amongst the luminescent RE ions, efficient ET occurs between Eu3+-Bi3+ ion pairs, with a
dependency on the host crystal hybridization with Bi3+ (Blasse and Bril 1967, Takeshita, Isobe et
2

This chapter was previously published as Bajgiran, K. R., et al. (2019). "Effects of Weak Electric Field on the
Photoluminescence Behavior of Bi3+-Doped YVO4:Eu3+ Core-Shell Nanoparticles." Journal of Physical Chemistry C
123(20): 13027-13035. Reprinted by permission of American Chemical Society.
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al. 2009, Lenczewska, Gerasymchuk et al. 2017). Additionally, the host material can mediate ET
into the Eu3+ dopant, as observed with YVO4 host crystals. In this regard, YVO4 has been shown
to be an ideal host crystal for Eu3+-Bi3+ ET owing to the large overlap of VO43- energy levels with
that of the two dopants (Su, Mi et al. 2017). Eu3+/Bi3+ co-doped YVO4 crystals have been utilized
in a wide range of applications such as red phosphors in cathode ray tubes (CRTs) (Ningthoujam,
Singh et al. 2009, Ray, Banerjee et al. 2009), near-UV white light emitting diodes (LEDs) (Chen,
Yu et al. 2010, Chen, Chen et al. 2010, Kang, Peng et al. 2014), solar cells (Huang, Wang et al.
2011, Tanaka and Fujihara 2011, Iso, Takeshita et al. 2012), and laser host materials (He, Yang et
al. 2010).
Applications such as bioimaging and biosensing utilize luminescence materials which
respond to the local environment for high sensitivity detection of biomolecules. Such systems
typically require sub-20 nm crystals to ensure the luminescence response to the surface chemistry.
These applications typically employ exogenous contrast agents that encompass organic dyes
(Schrock, duManoir et al. 1996), organically modified silica (Radu, Lai et al. 2004, Liong, Lu et
al. 2008), fluorescent proteins (Shaner, Steinbach et al. 2005), metal complexes (Chithrani,
Ghazani et al. 2006, Jain, Huang et al. 2008), and semiconductor quantum dots (QDs) (Kim, Lim
et al. 2004, Trapiella-Alfonso, Pons et al. 2018), which rely on a 50-100 nm Stokes-shifted
emission. However, these conventional photoluminescent (PL) imaging agents have a number of
limitations when excited in such spectral ranges such as a low signal-to-noise ratio caused by
autofluorescence, photobleaching of organic materials, and toxicity of heavy metal-based QDs for
bioimaging (Wang, Hu et al. 2013, Gai, Li et al. 2014). Eu3+ and Bi3+ doped YVO4 nanoparticles
have been previously utilized for bioimaging (Shen, Sun et al. 2010, Chen, Wu et al. 2012, Miura,
Ferreira et al. 2015, Spyrogianni, Tiefenboeck et al. 2018) and biosensing (Li, Zhang et al. 2016)
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applications due to the non-toxicity and high-stability of the RE-doped nanoparticles. The
susceptibility of Bi3+ energy levels in YVO4 nanoparticles allows for the tuning of energy level
hybridization and subsequent ET between the co-dopants (Blasse and Bril 1968). Previous
approaches to tune the luminescent properties of nanophosphors via the modification of energy
level hybridization include varying the dopant concentrations, heat treatments, and applying strong
magnetic or electric fields (Asamitsu, Moritomo et al. 1995, Dai, Zhang et al. 2013, Shanavas and
Satpathy 2014). While these methods are effective, they have limitations due to permanent
geometric distortions, compositional modifications, and the requirement for continuous
application of strong fields (Skobel'tsyn 1971). Conversely, weak external fields (|µ|≤10 Debye)
can be used to impart an electric dipole at the NP surface to tailor the energy levels near the particle
surface (Liu, Scully et al. 2006, Goh, Scully et al. 2007, Thomas, Jackman et al. 2014, Darapaneni,
Kizilkaya et al. 2018). The utilization of dipole moments for luminescent modification offers the
ability to monitor biological systems for low-limit of detection, particularly binding pairs (e.g.
biotin-avidin) where conjugation is expected to drastically change charge distribution (Medintz,
Stewart et al. 2010). However, the luminescent response must first be understood and calibrated
before utilizing this system for biomolecule detection. This work investigates the use of weak
external electric fields to tune the luminescent properties of Eu3+ and Bi3+ doped YVO4
nanoparticles via electronic landscape modification of surface Bi3+/VO43- ions.
In the present study, the effects of separating Bi3+ from Eu3+ ions were studied by
independently doping the Eu3+ ions inside the YVO4 core and Bi3+ ions in YVO4 shell, with the
objective of developing nanomaterials that are responsive to the changes in the surface electric
dipoles without drastically influencing luminescent lifetimes and their luminescent efficiencies.
Core YVO4 NPs were synthesized using a modified hydrothermal route and the YVO4 shell was
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deposited by a simple sol-gel chemistry. The surfaces of different core and core-shell NP samples
were decorated with two para-substituted benzoic acid (BZA) groups ligands via carboxylic acid
chemistry. The effects of weak electric dipoles (NH2-BZA and NO2-BZA) on the spectroscopic
properties and luminescence lifetimes of the core and core-shell NPs were systematically
investigated to identify the advantages of utilizing a doped core-doped shell system over the
commonly used co-doped cores. Depending on the nature of the electric field, it was demonstrated
that the energy levels of Bi3+/VO43- ions at the surface of the NPs could be modified to achieve
dynamic optical properties. This physical phenomenon can be utilized for biosensing applications
that require adaptive luminescence upon modification with commonly used biological ligands.
Therefore, it is critical to demonstrate changes in luminescent output of the NPs with commonly
used biological ligands. D-biotin was used as a proof-of-concept to elucidate how conjugating
biological ligands to the surface modifies the hybridization of Bi3+/VO43- and ET between dopants
by changing the surface electron density similar to well stablished polarized molecules.
4.2. Materials and Methods
4.2.1. Materials
Yttrium (III) nitrate hexahydrate- 99.9% (REO), europium (III) nitrate hydrate - 99.99%
(REO), bismuth (III) nitrate pentahydrate- 98.0% (REO), ammonium vanadium oxide-99.0%
(ACS) were purchased from Alfa Aesar. Sodium citrate dihydrate (ACS), and D-Biotin (reagent
grade) were purchased from VWR, 4-aminobenzoic acid (≥99%), and 4-nitrobenzoic acid (98%)
were purchased from Sigma-Aldrich.
4.2.2. Synthesis of Core YVO4:Eu3+(5%) and YVO4: Eu3+(5%), Bi3+(3%)
Eu3+ (and Bi3+) doped YVO4 core nanocrystals were synthesized using a modified
hydrothermal process (Yang, Li et al. 2014). The concentration of the optically active Eu3+ ions
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was set to 5 mol % with respect to the appropriate Y3+ content. In a typical synthesis 0.06 mmol
of Eu(NO3)3·6H2O was first dissolved into 50 mL HNO3 solution (12 mM) with continuous stirring
for 10 min. 1.14 mmol of Y(NO3)3·6H2O and 0.6 mmol of Na3C6H5O7·2H2O were then added into
the above solution to form a rare earth citrate complex solution. Next, 1.2 mmol of NH4VO3 was
introduced into this clear solution under vigorous stirring. Finally, a 1M NaOH solution was added
dropwise into this suspension mixture until a pH of 9 was reached. After continuously stirring for
30 min, the resultant colloid precursor was transferred into a 20 mL Teflon lined autoclave and
reacted at 180 °C for 24 h. The reaction vessel was cooled naturally, and the resultant precipitate
was collected and washed with distilled water and absolute ethanol. The powders were dried at
100 °C overnight. Eu3+ (5 mol%), Bi3+ (3 mol%) co-doped YVO4 core nanocrystals were
synthesized using the same procedure with respective precursors stoichiometry. Finally, the core
nanocrystals were then annealed at 300 °C for 2 h to remove the organic impurities from the surface
of the nanocrystals.
4.2.3. Synthesis of Core-Shell Nanostructures
A modified sol-gel recipe (Dorman, Choi et al. 2012) was employed to deposit a pure and
Bi3+ doped YVO4 shell on the core NPs. The shell deposition synthesis was initiated by mixing 50
mg of the above-synthesized core nanocrystals with 0.1 mmol of anhydrous citric acid. The
solution was sonicated for 5 min and vigorously stirred for 30 min to suspend the core nanocrystals
in solution and prevent aggregation during shell growth. A 6 mol% Bi3+ doping was used to
enhance ET between the core and shell layers. To achieve this, 0.75 mmol of Y(NO3)3·6H2O and
0.05 mmol of Bi(NO3)3·5H2O were added to the solution (0.8 mmol of Y(NO3)3·6H2O for pure
YVO4 shell). After 15 min of stirring the solution, 0.8 mmol of NH4VO3 was added to the above
solution. Finally, 1M NaOH was added dropwise into this suspension mixture until it reached a
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pH of 9 and the stirring was continued overnight at 60 °C. The resultant solution was washed with
water and ethanol several times and dried overnight at 100 °C. The amorphous powders were
annealed at 300 °C for 2 h to remove the citric acid binder and solidify the shell. The different
nanoarchitectures employed in this study are C1 - YVO4:Eu3+(5%), C2 - YVO4:Eu3+(5%),
Bi3+(3%), CS1 - YVO4:Eu3+(5%) | YVO4:Bi3+(6%), and CS2 - YVO4:Eu3+(5%), Bi3+(3%) | YVO4
(Table 4.1).
4.2.4. Surface Functionalization of the Core and Core-Shell Nanoparticles
The surface of the NPs was decorated with benzoic acid (BZA) and biotin ligands via
carboxylic acid chemistry, wherein the carboxylic groups chemisorb onto the hydrophilic surface
(Goh, Scully et al. 2007, Liu, Zhou et al. 2012, Dorman, Weickert et al. 2014, Darapaneni,
Kizilkaya et al. 2018). Two para-substituted BZA groups were chosen for surface modification,
one electron-withdrawing group (NO2, µ = 3.8 D) and other electron-donating group (NH2, µ =
−4.5 D). For surface functionalization with the BZA ligands, NPs were dispersed in an acetonitrile
solution containing 1 mM benzoic acid for 4 h at room temperature. The samples were then
centrifuged, the supernatant was discarded, and the remaining powder was dried at 100 ºC
overnight. For biotin decoration, 20 mg of biotin was mixed with 50 mg of the NPs in acetonitrile
solution overnight at room temperature. The samples were then centrifuged and washed with water
three time, and finally dried under vacuum at room temperature overnight.
4.2.5. Structural and Optical Characterization
Powder X-ray diffraction (XRD) measurements were performed on the core and core-shell
NPs using an Empyrean PANalytical X-ray diffractometer operating at 45 kV and 40 mA. The 2q
radial scan was performed using Cu Ka (l = 1.54 Å) as the radiation source, with a step size of
0.03°, dwell time of 60 s, in the scanning range of 15º-70º. The size and morphology of the core
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and core-shell NPs were determined using a JEOL JEM-1400 high-resolution transmission
electron microscope (HRTEM) operating at an accelerating voltage of 120 kV. The powder
samples were dispersed in toluene and drop cast on a lacey carbon grid prior to imaging. HRTEM
images were collected using a Gatan Orius 2k x 2k CCD camera. The elemental composition of
the core and core-shell NPs was assessed using a FEI Quanta 3D FIB microscope equipped with
an EDAX Apollo XL EDX detector with working distance being 10 cm and accelerating voltage
of 20 keV. The samples were dried overnight on carbon tape and then sputtered with Pt for 5 min
to prevent surface charging. The surface-functionalized samples were scanned using a ZnSe single
crystal in a Bruker Tensor 27 Fourier transform infrared (FTIR) spectrometer equipped with a
standard room temperature DTGS detector and a KBr beamsplitter. The data was collected from
powder samples in relative transmission mode, with air as background, and resolution being 4 cm1

in the region going from 4000 to 1000 cm-1.
Photoluminescence (PL) spectra and the lifetime of the core and core-shell NPs were

measured using Edinburgh FLS1000 PL spectrometer with a PMT detector and a 450 W ozonefree xenon arc lamp as light source. For PL measurements, all samples were dissolved in DI water
having 5 mg/mL solution concentration and 3 mL volume. The photoluminescence counts, based
on beam scatter, were set to 105 prior to measurement to ensure identical measuring parameters.
The luminescent excitation and emission scans were performed with a 2 nm bandpass filter at a
scan rate of 0.4 nm/s in the range of 240-400 nm (excitation) and 450-750 nm (emission) with 1
nm step size. All the measurements were normalized to the direct excitation peak of Eu3+ at 395
nm since the dopant concentration was constant for all samples. The lifetime measurements were
performed using a microsecond flashlamp with 25 kHz frequency over the range of 10 ms with a
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2 ms delay time. The luminescent lifetimes are extracted from the range of 2.5-5 ms to focus the
measurements on Eu3+ long emission decays.
4.3. Results and Discussion
YVO4 core NPs were synthesized using a modified hydrothermal route and then annealed
at 300 ºC for 2 h to volatilize the absorbed citrate and hydroxyl ions and improve crystallinity (Iso,
Takeshita et al. 2014). The different nanoarchitectures studied here are shown in Table 4.1. The
Eu3+ doped YVO4 core NPs were synthesized without (C1) and with (C2) the addition of Bi3+ to
demonstrate the relationship between the hybridization of Bi3+ with VO43- ions and its effect on
Eu3+ ion luminescence. Next, a YVO4 shell was deposited using modified sol-gel chemistry, and
then annealed at 300 ºC for 2 h to crystallize the shell layer. A Bi3+-doped shell was deposited
around C1 (CS1) and an undoped shell was deposited around C2 (CS2) to investigate the effect of
separation distance of the Bi3+-Eu3+ ion pair. These nanoarchitectures were utilized to elucidate
the role of polarized ligands (para-substituted BZA groups) on Bi3+ hybridization and ET between
dopants. In order to achieve similar luminescent intensities, the doping concentration of Bi3+ in the
shell layer was slightly higher than the core to account for the thin shell layer and decreased
absorption.
Table 4.1. Chemical compositions, denomination, and Lifetime values of all the samples.
Sample Composition

Sample Name

YVO4:Eu3+(5%)
YVO4:Eu3+(5%), Bi3+(3%)
YVO4:Eu3+(5%) | YVO4:Bi3+(6%)
YVO4:Eu3+(5%), Bi3+(3%) | YVO4
YVO4:Eu3+(5%) - NH2
YVO4:Eu3+(5%) - NO2

C1
C2
CS1
CS2
C1 - NH2
C1 - NO2

(table cont’d.)
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Excitation Wavelength
(nm)
303
333
300
333
317
322

Lifetime
(µs)
1087
926
1129
781
800
862

Sample Composition

Sample Name

YVO4:Eu3+(5%), Bi3+(3%) - NH2
C2 - NH2
3+
3+
YVO4:Eu (5%), Bi (3%) - NO2
C2 - NO2
3+
3+
YVO4:Eu (5%) | YVO4:Bi (6%) - NH2
CS1 - NH2
3+
3+
YVO4:Eu (5%) | YVO4:Bi (6%) - NO2
CS1 - NO2
3+
3+
YVO4:Eu (5%), Bi (3%) | YVO4-NH2
YVO4:Eu3+(5%), Bi3+(3%) | YVO4-NO2
YVO4:Eu3+(5%) | YVO4:Bi3+(6%)-biotin CS1 - biotin

Lifetime
Excitation
Wavelength (nm)
(µs)
335
610
338
833
307
893
300
862
CS2 - NH2
332
676
CS2 - NO2
331
769
297
746

From the powder XRD patterns of C1 and CS1 (Figure 4.1 A), all the peaks can be indexed
to tetragonal zircon phase YVO4 (ICCD: 04-008-2103) (Souad, Mohammed et al. 2010). With the
shell layer deposition, the full width at half maximum (FWHM) of the shoulder at ~58° was
decreased due to an increase in YVO4 particle diameter, as expected. The crystallite size of the
annealed core and core-shell particles was calculated from (200) peak using the Scherrer equation
(Holzwarth and Gibson 2011, de Sousa, Gacoin et al. 2015) to be 10.2 and 13.1 nm, respectively.
The calculated crystallite size was in good agreement with the NP diameter based on HRTEM
imaging (Figure 4.1 B) and literature (Yang, Li et al. 2014). The compositions of C1 and CS1 were
evaluated using elemental analysis (Figure 4.1 C) to verify the presence of the elements in the NPs.
The characteristic Ka lines for O and V, Ma line for Bi, and La lines for Y and Eu were identified.
The peaks observed between 1.4-1.9 keV in the EDS spectra correspond to suspected impurities
in the carbon tape that was used for sample preparation.
To elucidate the differences in ET between Bi3+, VO43-, and Eu3+ ions, the
photoluminescence behavior of four nanoarchitectures was studied. The PL excitation profiles of
C1, C2, CS1, and CS2 (Figure 4.2 A) include all the excitation spectra measured at room
temperature by monitoring the emission of 5D0®7F2 transition of Eu3+ at 619 nm. Sample C1
exhibited two overlapping excitation bands centered at ~276 nm and ~303 nm, assigned to
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Figure 4.1. Structure, shape, and elemental analysis of different core and core-shell samples.
(A) XRD patterns of C1 and CS, red lines indicate peak positions of the YVO4 reference
(ICCD: 04-008-2103). (B) HRTEM image of sample C1. (C) EDX spectra of C1 and CS1.
1

A1®1T2 and 1A1®1T1 transitions of VO43- respectively, due to the ligand-metal charge transfer

(CT) from the 2p orbitals of O2- to the 3d orbitals of V5+ (Stoltzfus, Woodward et al. 2007, Xu,
Wang et al. 2010, Zhao, Li et al. 2012, Boutinaud 2013). The band at ~276 nm includes a CT from
the O2- 2p orbitals to the 4f orbitals of Eu3+ in addition to O2--V5+ CT (Su, Mi et al. 2017). Upon
introducing Bi3+ to the core NPs (C2), a new excitation band was observed at ~333 nm, which was
assigned to the additional CT between the hybridized Bi3+ 6s /O2- 2p and empty V5+ 5d levels
(Blasse and Bril 1968, Takeshita, Isobe et al. 2008, Dolgos, Paraskos et al. 2009, Takeshita, Isobe
et al. 2009, Huang, Wang et al. 2011, Takeshita, Watanabe et al. 2011, Hakouk, Giaume et al.
2012, Kang, Zhang et al. 2016). Furthermore, the VO43-/Eu3+ excitation peaks, originally at ~276
nm and ~303 nm, red-shift by ~7 nm with the incorporation of Bi3+. This was attributed to the
stronger crystal field experienced by VO43-/Eu3+ atoms upon Bi incorporation, lowering the excited
states of VO43-/Eu3+ and causing a red shift of the excitation edge (Kang, Peng et al. 2014). A new
excitation shoulder at ~330-380 nm was observed for CS1, which was not present in C1. This extra
shoulder was positioned at the CT transition between the host lattice and Bi3+ ions and was
attributed to the presence of Bi3+ in the shell layer. Moreover, the shoulder in CS1 has a lower
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excitation intensity than the peak (centered at 333 nm) in the co-doped core (C2), which was
attributed to lower Bi3+ content in CS1 compared to C2 or less efficient ET to Eu3+ activator ions
in CS1 due to the larger separation distance between Bi3+ and Eu3+ ions compared to C2.
Deposition of an undoped shell layer on C2 (sample CS2) showed an increase in the excitation
intensity of the 1A1®1T2 transition compared to the 1A1®1T1 transition, similar to the case of CS1
and its core counterpart (C1). This was due to the deposition of the YVO4 shell increasing the
intensity of O2--Eu3+ CT by passivating the Eu3+ ions near the surface where quenching occurs and
is positioned around the same wavelength as 1A1®1T2 transition. It is noteworthy that all the
aforementioned samples exhibited peaks assigned to direct excitation of Eu3+ ions at ~380-385 nm
(7F0,1®5GJ, 5L7) and ~397 nm (7F0,1® 5L6) which have lower excitation intensities compared to
those of the host (Iso, Takeshita et al. 2014, Yang, Li et al. 2014, Lenczewska, Gerasymchuk et al.
2017).
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Figure 4.2. Effect of Bi3+ doping and shell deposition on the photoluminescent and lifetime
responses of YVO4:Eu3+ nanoparticles. (A) Excitation spectra of C1, C2, CS1, and CS2 using
lem. = 619 nm. The transitions 1A1®1T2 (*), 1A1®1T1 (**), and Bi3+-VO43- (***) charge
transfer. (B) emission spectra of the aforementioned samples, using lex. = 297 nm (C1), lex. =
333 nm (C2), lex. = 309 nm (CS1), and lex. = 333 nm (CS2). (C) logarithmic lifetime plots of
the aforementioned samples using the same excitation and emission wavelengths as part A and
B. C1 and CS1 plots are almost completely overlapping.
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The emission profiles for the different structures excited at their respective 1A1®1T1
transitions (Figure 4.2 B) exhibit the characteristic Eu3+ emissions at 594 nm (5D0®7F1), 619 nm
(5D0®7F2), and 697 nm (5D0®7F4) for all the samples. The lifetime of the Eu3+ 5D0®7F2 emission
(using the excitation peak with the highest intensity for each sample) was measured for all the
samples and fitted to single exponential decays to elucidate the energy relaxation pathways (Figure
2C and Table 1) Upon co-doping Bi3+ (C2), a decrease in emission lifetime was observed and is
attributed to the reverse ET from the excited states of Eu3+ (including 5D0) to Bi3+ (Xu, Song et al.
2011). The lifetime of the 1A1®1T2 CT transition in sample CS1 did not decrease compared to C1
due to the surface passivation of the parasitic quenching sites. However, the lifetime of the Eu3+
emission decreases by ~145 µs for CS2 when compared to C2. In this case, the deposition of the
undoped YVO4 shell promotes the reverse ET from excited states of Eu3+ to Bi3+ by passivating
the excited states of Eu3+ ions from surface quenching sites. The decrease in Eu3+ emission lifetime
was not observed for CS1 due to the larger separation distance between Eu3+ and Bi3+ ions which
resulted in poor reverse ET. It is also possible that the undoped YVO4 shell increased the partial
transfer of the available excitation energy for YVO4 emission pathways, resulting in decreased
luminescence lifetimes (Shirmane, Feldmann et al. 2017).
To demonstrate the adaptive luminescence of these different NP architectures, weakly
polarized dipoles were applied to modify the energy level hybridization of the surface ions without
permanent distortion of the crystal structure (Darapaneni, Kizilkaya et al. 2018). Two parasubstituted benzoic acid (BZA) ligands, NH2-BZA (µ = -4.5 D) and NO2-BZA (µ = +3.8 D) were
employed to functionalize the surface of these NPs via carboxylic acid chemistry (Goh, Scully et
al. 2007). For the present core and core-shell systems, the direction of the applied dipole moment
changes the electron density at the surface of the NPs (Jankovic, Saponjic et al. 2009), influencing
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the hybridization of the Bi3+ and VO43- energy levels, and thereby altering the overlap of the
energy levels between the excited Bi3+/VO43- groups and Eu3+. Figure 4.3 shows the effect of the
surface dipole on the PL response of the functionalized C1, C2, CS1, and CS2 NPs. Starting with
the functionalized C1, the excitation intensity of the 1A1®1T2 transition decreases (Figure 4.3 A)
for both NH2-BZA and NO2-BZA functionalization. The VO43- energy levels were expected to
remain unchanged as they are dominated by the bulk of the crystal, whereas the dipole moment
acts near the surface (Moreno, Barriuso et al. 1994, Rajh, Chen et al. 2002). Therefore, the decrease
in the excitation intensity was assigned to the direct quenching of Eu3+ excited states by the
vibrational modes of the surface ligands, which is also evident from the luminescent lifetimes of
the functionalized C1 samples (Figure C.1 A, Table 4.1). For sample C2, the intensity of the
excitation peak at ~333 nm increases in the presence of the electron-donating ligand (NH2-BZA,
Figure 4.3 B), indicating the susceptibility of the hybridized Bi3+/VO43- energy levels to the
changes in local electron density at NPs surface. The increased electron density at the NH2-BZA
modified C2 NPs resulted in stronger hybridization of the Bi3+ and the VO43- ions, leading to the
increased overlap in the energy levels of hybridized Bi3+/VO43- and Eu3+. In contrast, the electronwithdrawing ligand (NO2-BZA) functionalized NPs do not exhibit any significant change in the
excitation intensity. This is due to the presence of ambient hydroxide layer on the surface of
nonfunctionalized NPs (Figure 4.4 A), which induces a positive dipole moment similar to the NO2BZA ligand. It is also possible that a portion of Bi3+ ions were far enough from the surface in C2
to not be affected by the presence of a surface ligand (Moreno, Barriuso et al. 1994). The
luminescence lifetimes (Figure C.1 B, Table 4.1) of functionalized C2 NPs also exhibited a
decrease for both the ligands, similar to that of functionalized C1 NPs.
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The changes in the excitation spectra of CS1 upon the introduction of the NO2-BZA and
NH2-BZA surface ligands followed the predicted trend according to their electron
withdrawing/donating nature (Figure 4.3 C). Contrary to C1, the 1A1®1T1 transition excitation
intensity was increased in the presence of the electron-donating ligand (NH2-BZA) due to the
increased electron density at the surface, affecting the hybridized Bi3+/VO43- energy levels in the
shell layer similar to C2 NPs. Conversely, NO2-BZA functionalization of CS1 NPs resulted in a
decrease in the excitation intensity of the 1A1®1T1 transition compared to the nonfunctionalized
NPs. Since there was no apparent change observed for NO2-BZA functionalized C2 NPs, the
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Figure 4.3. Effect of weak electronic field on the PL and lifetime responses of core and coreshell samples. Excitation spectra of (A) nonfunctionalized C1, C1-NH2, and C1-NO2. The inset
exhibit the chemical structure of benzoic acid with R group (green) being either NH2 or NO2,
carbon (black), oxygen (red), and hydrogen (gray). Excitation spectra of (B) nonfunctionalized
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decrease in the intensity of the 1A1®1T2 transition was attributed to the increased separation
distance between the hybridized Bi3+ ions in the shell layer and Eu3+ ions in the core. This change
in the excitation intensity of the CS1 NPs with the surface ligands demonstrated that the weak
electric dipoles can systematically modify the electronic landscape of surface Bi3+ and VO43- ions
when Bi3+ are separated from Eu3+ ions in a core-shell architecture. The luminescent lifetimes of
the functionalized CS1 NPs (Figure C.1 C, Table 4.1) decreased for both NH2-BZA and NO2-BZA
functionalization. However, this decrease in lifetime was less prominent for core-shell system
compared to core NPs, especially for NH2-BZA bonded systems, due to the separation of Eu3+ ions
from parasitic surface quenching sites, highlighting another advantage of using core-shell NPs
over core NPs. The excitation spectrum of functionalized CS2 NPs was measured to compare with
the functionalized C2 NPs. In contrast with C2, the excitation intensity of the Bi3+/VO43- CT (~330
nm) transition in CS2 remained unaffected with the NH2-BZA and NO2-BZA ligands (Figure 4.3
D). This was attributed to the larger separation distance between the Bi3+ ions in the core and
surface benzoic groups, preventing the external electric dipole to influence the Bi3+-V5+ CT band
(Moreno, Barriuso et al. 1994, Lopez-Sanchez, Dimitratos et al. 2011). The luminescent lifetimes
of the functionalized CS2 NPs for both NH2-BZA and NO2-BZA were lower than
nonfunctionalized NPs and analogous to functionalized C2 NPs (Figure C.1 D, Table 4.1). The
results of surface functionalization for all four different core and core-shell systems indicate that
only the CS1 NPs exhibit a systematic response to the direction of the dipole moment (electron
density), and therefore can be utilized for adaptive luminescent applications.
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To provide insight on effect of surface functionalization with commonly used biological
ligands on the luminescent behavior of the core-shell NPs, the surface of the CS1 phosphors was
decorated with D-biotin. This ligand is commonly used due to its highly selective interactions with
avidin. The surface of the CS1 NPs was functionalized with biotin using similar carboxylic acid
chemistry as the benzoic acid groups. In contrast to typical biotinylation processes,(Gu, Shen et
al. 2008, Liu, Zhou et al. 2012, Sapsford, Algar et al. 2013, Pramanik, Siddikuzzaman et al. 2016,
Wei, Huang et al. 2018) biotin was bound directly to the surface of inorganic NPs without utilizing
capping ligands or cross-linking agents that require complex reaction chemistries. FTIR
measurements were performed (Figure 4A) on these NPs to verify the presence of biotin on the
surface. The most noticeable difference between biotinylated and nonfunctionalized NPs was the
presence of a strong peak at 1686 cm-1 in FTIR spectrum of the functionalized NPs, which was
assigned to the stretching vibration of the amide bond, verifying the successful conjugation of
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in a reduction in the excitation intensity of the 1A1®1T1 transition, similar to that of the NO2-BZA
functionalized CS1 NPs, which indicated that the electric field effect created by biotin acts as an
electron-withdrawing group. These findings identify the effects of biotin on the NPs surface
electron density and luminescent properties which can be used in future studies to investigate how
biotin-avidin interactions further affects the luminescent properties of the NPs.
Based on the changes observed in the excitation profiles and luminescent lifetimes of the
different nanoarchitectures investigated, an ET diagram is proposed (Figure 4.5) to illustrate the
different processes involved between VO43-, Bi3+, and Eu3+ ions that were affected by dopant
distribution, NP architecture, and external electric dipoles. The ET from Bi3+ 3P1 to Eu3+ ions,
observed from the PL excitation spectra, decreased as the separation distance between the two
dopants increased (C2 and CS1 NPs), which is in accordance with the Förster energy transfer
theory.(Forster 1948, Melle, Calderon et al. 2018) The role of the surface dipoles was identified in
the 3P1 energy level of Bi3+, where the shift in the energy level hybridization to higher or lower
energy values was observed to be a function of the dipole moment of the surface electric dipole.
Moreover, when Bi3+ was not present in the system (C1), both electron-donating (NH2-BZA) and

Figure 4.5. Schematic of energy levels diagram. Excitation, energy transfer, and emission of
different anion and cations. The effect of external electric dipole on the energy level position is
highlighted in the box.
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electron-withdrawing (NO2-BZA) groups shift the 1T1 energy level to lower energies, since both
the ligands lie below VO43- 1T1 energy level. The changes in the hybridization of surface Bi3+ ions
with the electric dipoles resulted in an increase or decrease in the luminescence of Eu3+,
demonstrating adaptive luminescence in these core-shell nanoparticles.
4.4. Conclusions
Four different Bi3+ and Eu3+ doped core and core-shell YVO4 NPs were synthesized to
elucidate the effect of surface electric dipoles on the luminescence properties of the NPs. XRD
measurements confirmed that both core and core-shell YVO4 NPs were made of pure tetragonal
phase with crystallite sizes of 10.2 and 13.1 nm, respectively. The calculated core NPs crystallite
size was in good agreement with HRTEM images, which also verified that the NPs are spherical
in shape. The elemental composition of the different nanoparticle samples was studied with EDAX
where characteristic emission lines for all the components were identified. PL behavior of core
and core-shell NPs was characterized for different doping scenarios to optimize the distance
between Bi3+ and Eu3+ ions to amplify the effects of weak electric dipoles on the surface of the
NPs. Moving the Bi3+ ions closer to the surface capping ligands facilitated the systematic tuning
of the luminescence behavior (quenching or enhancement) of the Eu3+ based on the electron
donating/accepting nature of the ligands. The hybridization of the Bi3+/VO43- energy levels was
observed to be a function of the weak electric dipole generated by surface decorated ligand. This
difference in the hybridization of the Bi3+/VO43- energy levels resulted in changes in energy level
overlap between Bi3+/VO43- and Eu3+ ions altering the Eu3+ luminescence. This effect was found
to be more pronounced when the Bi3+ ions were spatially separated from the Eu3+ ions where Bi3+
ions were in close proximity to the surface dipoles, which was achieved using a doped core (Eu3+)doped shell (Bi3+) nanoarchitecture. Finally, the effect of biotin surface functionalization of these
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core-shell NPs was studied to demonstrate the effects of this commonly used biological ligand on
surface electron density and luminescent properties of the core-shell NPs.
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Chapter 5. Dipole-Modulated Downconversion Nanoparticles as Label-Free
Biological Sensors3
5.1. Introduction
Traditional diagnostic approaches such as the enzyme-linked immunosorbent assay
(ELISA), enable the capture and detection of proteins through antibody-antigen binding
interactions, while oligonucleotide microarray and sequencing technologies (e.g., polymerase
chain reaction-PCR) allow for the identification and discovery of specific nucleic acid targets
(Chen, Ba et al. 2008, Chen, Wang et al. 2019). While these approaches possess high sensitivity
(LOD within fM-pM range) and selectivity, they lack multiplexing capabilities, require large
volumes of reagents, contain multiple time-consuming processing steps, and need highly trained
personnel for assay operation (Baker 2010, Dasilva, Diez et al. 2012, Goodwin, McPherson et al.
2016). Therefore, conventional methods are incompatible with the growing need for POU
diagnostics according to the set of criteria summarized by the acronym ASSURED (Affordable,
Sensitive, Specific, User-friendly, Robust and rapid, Equipment-free, Deliverable), proposed by
the World Health Organization (WHO) (Pai, Vadnais et al. 2012). Several optical-based techniques
have been developed to bypass the challenges encountered with traditional bioassays (Russell,
Domenech-Sanchez et al. 2017)-(Chang, Kang et al. 2016). Specifically, a growing body of optical
sensors utilize the FRET effect where the sensor sensitivity is highly dependent on the structure
and efficiency of the fluorophore energy donor (Suzuki, Husimi et al. 2008, Gao, Lian et al. 2014,
Shi, Tian et al. 2015). Numerous drawbacks of commonly used organic dyes, including
photobleaching, blinking effects, and sample interferences, make them unsuitable energy donors
(Cannone, Chirico et al. 2006, Smith and Nie 2010, Ha and Tinnefeld 2012). Semiconductor
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quantum dots (QDs) have been favorably adopted in the FRET-based studies due to their distinct
optical characteristics such as tunable size-dependent emission, high PL quantum yields, broad
excitation spectra, and narrow emission bandwidths (Maxwell, Taylor et al. 2002, Clapp, Medintz
et al. 2004). However, their inherent toxicity and chemical instability limit their application in
biological detection and medical diagnosis (Wang, Hu et al. 2013, Gai, Li et al. 2014). Compared
to organic dyes and QDs, rare earth (RE)-doped luminescent NPs exhibit superior features,
including long luminescence lifetime (µs-ms range), large (anti)Stokes shifts (>50 nm), narrow
emission bandwidths (<10 nm), low toxicity, and high resistance to photobleaching, which has led
to their use as energy donors (Nichkova, Dosev et al. 2005, Goldys, Drozdowicz-Tomsia et al.
2006, Vaithiyanathan, Bajgiran et al. 2019). Regardless of the type of energy donor/acceptor, the
majority of FRET-based assays require fluorescent labeling of the target analyte. This makes a
bioanalytical assay vulnerable to changes in pH, temperature, ionic concentration, and oxidation,
limiting their utility for POC applications (Li, Jeon et al. 2011, Leavesley and Rich 2016).
To address the challenges of current FRET-based sensors, Bajgiran et. al. has recently
developed a Bi3+-doped YVO4:Eu3+|YVO4:Bi3+ core-shell (CS) nanoarchitecture that exhibits
adaptive downconversion (DC) luminescence upon modification with weak electric surface
ligands (Bajgiran, Darapaneni et al. 2019). The hybridization of the Bi3+/VO43− energy levels was
observed to be a function of the weak electric dipole generated by the surface decorated ligand.
This difference in the hybridization in the presence of ligands of the Bi3+/VO43− energy levels
resulted in changes in energy level overlap between Bi3+/VO43− and Eu3+ ions, altering the
luminescence. Ultimately, tuning of the hybridization resulted in a systematic enhancement or
quenching of the luminescent signal based on the direction and magnitude of the dipole moment
(Bajgiran, Darapaneni et al. 2019). In the present study, the label-free detection of avidin is
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demonstrated through the dipole modulation of the developed CSNPs surface functionalized with
biotin to exploit the well-established biotin-avidin interactions (Figure 5.1). The biotin-avidin
complex has been adopted extensively to characterize novel bioanalytical and biotechnological
applications because of its high affinity (~7.0×1014 M-1) leading to stable biomolecular constructs
(Wilchek and Bayer 1990, Goldman, Balighian et al. 2002, Qu, Wang et al. 2017, Richard 2019,
Tamura and Hamachi 2019). Functionalizing the surface of the CSNPs with D-biotin initially
generated a positive dipole moment (i.e. electron-withdrawing), resulting in a decreased
luminescent signal (Figure D.1 A). The high affinity between the tetrameric protein avidin and
the vitamin biotin applied a larger positive dipole moment at the surface of the CSNPs resulting in
further quenching of the luminescence.

Figure 5.1. Illustration of the sensing mechanism harnessing the changes in dipole moment at
the surface of the nanoparticle sensor.
5.2. Materials and Methods
5.2.1. Materials
Yttrium (III) nitrate hexahydrate- 99.9% (REO), europium (III) nitrate hydrate - 99.99%
(REO), bismuth (III) nitrate pentahydrate- 98.0% (REO), and ammonium vanadium oxide-99.0%
(ACS) were purchased from Alfa Aesar. Sodium citrate dihydrate (ACS), and D-Biotin (reagent
grade) were purchased from VWR. Avidin was purchased from Santa Cruz Biotechnology. Bovine
Serum Albumin was purchased from Sigma Life Science. Dulbecco’s Modified Eagle’s Medium
97

(DMEM) cell culture media was purchased from Corning Cellgro. HyClone Cosmic Calf Serum
was purchased from VWR.
5.2.2. Synthesis and Functionalization of Core-Shell NPs
Eu3+-doped YVO4 core nanocrystals were synthesized using a modified hydrothermal
process (Yang, Li et al. 2014). A modified sol-gel recipe was employed to deposit a pure and Bi3+
doped YVO4 shell on the core NPs.(Dorman, Choi et al. 2012) Details on the synthesis of the coreshell (CS) NPs can be found in the previous study by Bajgiran et al.(Bajgiran, Darapaneni et al.
2019) The surface of the CSNPs was functionalized with D-biotin via carboxylic acid chemistry,
wherein the carboxylic groups chemisorb onto the hydrophilic surface (Goh, Scully et al. 2007,
Liu, Zhou et al. 2012, Dorman, Weickert et al. 2014, Darapaneni, Kizilkaya et al. 2018). For biotin
functionalization, 20 mg of biotin was mixed with 50 mg of the NPs in acetonitrile solution
overnight at room temperature. The samples were centrifuged and washed with DI water 3X and
finally dried under vacuum at room temperature overnight.
5.2.3. Characterization
Details on structural characterizations (X-Ray diffraction, XRD), size and morphology
(high-resolution transmission electron microscopy, HRTEM), elemental composition (Energydispersive X-ray spectroscopy, EDAX), and surface characterization (Fourier-transform infrared
spectroscopy, FTIR) of the CSNPs can be found in the previous study by Bjgiran et al. (Bajgiran,
Darapaneni et al. 2019) Thermogravimetric Analysis (TGA) was performed using a TA SDT Q600
DSC/TGA equipment under air flow to evaluate the surface coverage of the biotinylated CSNPs.
The temperature was programmed from 50 to 400 °C at 10 °C/min. Photoluminescence (PL)
measurements were performed using Edinburgh FLS1000 PL spectrometer with a PMT detector
and a 450 W ozone-free xenon arc lamp as light source. For PL measurements, all samples were
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dissolved in DI water having 0.1 mg/mL NP solution concentration. The luminescent emission
scans were performed with a 2 nm bandpass filter at a scan rate of 0.4 nm/s in the range of 575675 nm with a 1 nm step size.
5.2.4. Assay Development and Detection Experiments
In a typical assay, the biotinylated CSNPs (1 mg) were dispersed in a DI water (10 mL).
100 µL of avidin at different concentrations were added to 400 µL of the CSNP solution and the
resulting mixture was incubated for 5 min at room temperature. Subsequently, PL intensity of the
mixture were recorded in the presence of a long pass filter (395 nm) under the excitation of 300
nm using a 1 cm quartz cuvette. To evaluate the selectivity of the assay, avidin was replaced by
bovine serum albumin (BSA). All the experiments were performed in triplicate.
5.2.5. Assay Development and Detection Experiments
Before analysis, fetal bovine serum (FBS) was added to either DI water or DMEM (pH
7.2) to a final volume percentage of 10% v/v to mimic common cellular growth media. The
biotinylated CSNPs nanoparticles (1 mg) were dispersed in the serum spiked solutions. Standard
solutions of avidin (100 µL) were added to 400 µL of the serum spiked solutions at different
concentrations. The PL intensity were recorded similar to the previous section.
5.2.6. LOD and SNR Calculations and Statistical Characterization of the Calibration Curve
The limit of the detection was calculated from the calibration curve at low concentrations
(linear range of 10 to 100 nM) using Equation 5.1 which was previously described by Shrivastava
and Gupta (Shrivastava Alankar 2011).
𝑳𝑶𝑫 =

𝟑. 𝟑×𝑺𝑫
𝒃

Equation 5.1
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where SD is the standard deviation of the blank, standard deviation of the ordinate intercept, or
residual standard deviation of the linear regression and b is the slope of the regression line at low
avidin concentrations.
The calibration curves of the biotinylated CSNPs in DI water and DMEM +10% v/v FBS
were fitted to a logistic sigmoid curve function using Equation 5.2:
𝑰 = 𝑰𝒎𝒊𝒏 +

𝑰𝒎𝒂𝒙 − 𝑰𝒎𝒊𝒏
(𝟏 +

𝑪𝟎
𝑪

𝒉

Equation 5.2

)𝒔

Where the constant parameters of each calibration curve along with the goodness of the fit (R2)
are summarized in the Table D.1. For statistical characterization of the calibration curve,
intermediate concentrations of avidin (80 nM and 800 nM) were incubated with biotinylated
CSNPs as described above. The measured PL intensities were compared with calibration curve
by calculating the coefficient of variance (CV) to determine the difference between the measured
and calculated values.
Signal-to-noise (SNR) values of 0.1 mg/mL biotinylated CSNPs calculated in DI water and
complex biological fluids using an approach described by Shrivastava and Gupta (Kattke, Gao et
al. 2011, Leavesley and Rich 2016). SNR measurements were performed according to the equation
below.
𝑺𝑵𝑹 =

𝑯𝒑𝒆𝒂𝒌 − 𝑯𝒍𝒐𝒘𝒆𝒔𝒕 𝒏𝒐𝒊𝒔𝒆
𝑯𝑯𝒊𝒈𝒆𝒔𝒕 𝒏𝒐𝒊𝒔𝒆 − 𝑯𝒍𝒐𝒘𝒆𝒔𝒕 𝒏𝒐𝒊𝒔𝒆

Equation 5.3

where
Hpeak: Emission intensity peak height centered at 619 nm
Hlowest noise: Height of the spectrum baseline with the lowest intensity
Hhighest noise: Height of the spectrum baseline with the highest intensity.
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5.3. Results and Discussion
The surface of the CSNPs was functionalized with biotin using carboxylic acid chemistry
(Darapaneni, Kizilkaya et al. 2018) instead of capping ligands or crosslinking agents, both of
which require complex reaction chemistries. Fourier-transform infrared spectroscopy (FTIR)
verified the successful conjugation of biotin to the CSNP surface by exhibiting the presence of a
sharp peak at 1686 cm-1 in the spectrum of the functionalized CSNPs, assigned to the stretching
vibration of the amide bond (Figure D.1 B) (Liu, Zhou et al. 2012). As a result of surface
modification, the zeta-potential for CSNP colloidal solution (pH = 6.99) changed markedly from
-26.8 to -38.9 mV after biotinylation (Figure D.1 C). The highly negative zeta-potential values
stabilize the CSNP colloids by means of electrostatic repulsion. Accordingly, these biotinylated
CSNPs exhibit superior DI water dispersity compared to non-functionalized CSNPs by forming a
more transparent colloidal solution that can be easily observed with the naked eye (Figure D.1 D).
In order to properly characterize avidin detection, the surface coverage of the biotin functionalized
CSNPs was measured to be 0.35 µmol.mg-1 based on the thermogravimetric analysis (TGA)
performed on the biotinylated CSNPs (Figure D.1 E).
The biotinylated CSNPs were titrated against various concentrations of avidin (1.0 nM-10
µM) dispersed in DI water to monitor concentration-dependent changes in the PL intensity. After
5 min of incubation, gradual quenching of the PL intensity was detected with increasing avidin
concentration due to the larger positive dipole applied at the local surface of the CSNPs through
avidin-biotin interactions (Figure 5.2 A). A standard calibration curve was generated after 30 min
of incubation to form a basis for reliably determining the amount of free avidin in solution (Figure
5.2 B). Plotting the intensity of Eu3+ emission (positioned at 619 nm) as a function of the logarithm
of avidin concentration exhibited a wide dynamic range of 1 nM-10 µM with strong linearity (R2
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= 0.99) over 10-100 nM range. Using this response, the LOD for the avidin system was determined
to be 7.8 nM (Figure D.2 A), which is comparable to those of QD/UC FRET-based methods (LOD
= 0.5-10 nM) (Oh, Hong et al. 2005, Ju, Tu et al. 2012, Liu, Zhou et al. 2012). It should be noted
that the avidin used in this work is not conjugated to any sort of fluorescent tags and therefore is
optically inactive within the emission and excitation range of the CSNPs (Figure D.3 A), i.e. there
is minimal energy absorption by avidin at the excitation/emission wavelength range of the CSNPs,
which is in contrast with sensing mechanism of a typical FRET-based assay (Shi, Tian et al. 2015,
Hildebrandt, Spillmann et al. 2017). Furthermore, it is well-known that in addition to
excitation/emission intensity, the luminescence lifetime of the NP phosphor also changes in FRETbased assays (Shi, Tian et al. 2015, Hildebrandt, Spillmann et al. 2017). Therefore, in order to

Figure 5.2. Biotinylated NP sensor can detect avidin at low LODs in DI water. (A) 0.1 mg/mL of
biotinylated CSNP was incubated with different avidin concentrations in DI water for 5 min
resulting a significant PL quenching. Control indicates Biotinylated CSNP in DI water (B)
Calibration curve determined the LOD of the biotinylated CSNP was 7.8 nM. Control indicates
Biotinylated CSNP in DI water at the presence of BSA.
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clearly distinguish between the sensing mechanism proposed in this work and other FRET-based
assays, the emission lifetime of the Eu3+ was monitored with increasing concentrations of avidin.
As it can be seen from Figure D.3 B and Table D.1, in contrast to FRET-based assays (Hildebrandt,
Spillmann et al. 2017), there are no discernible changes between the emission lifetimes of the
CSNPs in absence or presence of the avidin.
To examine whether the observed changes in the PL intensity of biotinylated CSNPs was
due to avidin binding, the changes in the PL intensity of the CSNPs were monitored in the presence
of increasing concentrations (0.1-10 µM) of bovine serum albumin (BSA) in DI water (Figure D.4
A). Negligible BSA interference was observed in the PL intensity after 5 min of incubation,
suggesting superior selectivity of the avidin sensing assay. Furthermore, non-functionalized
CSNPs were incubated with increasing concentrations (0.1-10 µM) avidin for 5 min to ensure that
the presence of biotin at CSNP surface is required for the detection mechanism (Figure D.4 B).
The PL intensity of the non-functionalized CSNPs was generally higher compared to the
biotinylated CSNPs due to changes in the dipole moment applied at the surface of the CSNPs at
the presence of biotin. Nonetheless, no apparent changes in the PL intensity were observed after
adding the avidin to the non-functionalized CSNPs, confirming that the PL quenching is due to
specific biotin-avidin interactions. Next, titration experiments were conducted to assess the effect
of biotinylated CSNPs concentrations (50-500 µg/mL) in the detection of single concentration (1
µM) of avidin. This was done to demonstrate the wide range of concentrations that can be adopted
by CSNPs for avidin detection. As expected, the PL intensity of Eu3+ emission increased with
increasing concentrations of the biotinylated CSNPs (Figure D5) suggesting the tunability of the
sensing platform signal-to-noise ratio (SNR) and LOD. These findings support the promise of the
CSNPs as novel biosensors possessing high specificity and selectivity.
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The versatility of the CSNPs for avidin detection was further investigated by monitoring
the performance of the biotinylated NP sensor in complex biological samples (mammalian cell
growth media: DMEM + 10% v/v fetal bovine serum, FBS). A concentration-dependent decrease
in the PL intensity of CSNPs was similarly observed in DMEM + 10% v/v FBS (Figure 5.3 A).
The SNR of the biotinylated NP was found to be lower in the complex biological matrix compared
to DI water and FBS-free DMEM solution (Table D.2); however, the SNR values were still within
the range of competing NP-based biosensors (Cao, Li et al. 2018, Zhang, Shikha et al. 2019). A
calibration curve of avidin detection for the CSNPs in the complex media exhibited the same shape
as the one observed in DI water (Figure 5.3 B). The addition of avidin did results in a slight increase
of the calculated LOD (34.7 nM, Figure D.2 B); however, this small single order of magnitude

Figure 5.3. Matrix effects on the performance Biotinylated NP sensor. (A) 0.1 mg/mL of
biotinylated CSNP was incubated with different avidin concentrations in DMEM + 10% FBS
for 5 min resulting a significant PL quenching. Control indicates DMEM+10% FBS with no
avidin. Control indicates Biotinylated CSNP in DMEM+10% FBS (B) Calibration curve
determined the LOD of the biotinylated CSNP was 34.7 nM.
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change was low compared to the matrix effects of competing bioanalytical sensors (Howes,
Chandrawati et al. 2014).
The accuracy of the CSNP system was evaluated for avidin monitoring in both DI water
and serum spiked DMEM solutions by comparing the intensity values of known avidin
concentrations (80 and 800 nM) to values predicted from the generated calibration curves (Table
5.1, Table D.3, and Figure D.6). Calibration curves for avidin detection by CSNPs were fitted to
logistic sigmoid curves and the observed intensity values were calculated from the fitted equations
(see supporting information). The coefficient of variance (CV), defined as the ratio of the standard
deviation to the mean, was less than 10% for all cases (except 80 nM avidin test in DMEM media,
12.8%) which confirms the robustness of the generated calibration curves. The 80 nM avidin test
in DMEM + 10% FBS media has a higher CV due to the increased susceptibility of the CSNPs to
serum-induced matrix effects at low avidin concentrations, as it is also evident from the increased
LOD (Hildebrandt, Spillmann et al. 2017). These results demonstrate the potential applicability of
using the CSNPs for POU monitoring of analytes and biomolecules in a range of settings with
good resistivity to matrix effects, which is considered a major bottleneck for existing biosensors
(Wu, Tilley et al. 2019).
Table 5.1. Statistical analysis on the performance of the CSNPs to measure known avidin
concentrations (with 0.1 mg/mL CSNP concentration).
Solution
DI Water
DMEM + 10% FBS

Avidin Concentration
(nM)
80
800
80
800
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Calculated
Intensity (a.u.)
31240
10020
13270
8270

Measured
Intensity (a.u.)
27500
8762
10250
9304

CV
(%)
9
9.5
12.8
5.9

5.4. Conclusions
In summary, novel downconversion CSNPs that utilize the changes in local surface dipole
as a sensing mechanism has been reported for avidin detection. Benefiting from the specific
interactions between avidin and biotinylated CSNPs, this approach exhibits high sensitivity
(LOD=7.8 nM) and selectivity without the need for target analyte labeling. The sensor
performance was tested in a complex biological matrix, where a good LOD (34.7 nM) and SNR
(11.7) were achieved. The robustness of the system was verified by comparing the PL intensity
from a known concentration of avidin and the values predicted by the calibration curve. Due to
hydrophilic nature of the CSNP surface, it is believed that the surface functionalization should be
fairly straight forward for most biomolecules using stablished functionalization methods. It should
also be noted that the dipole induced external field is a surface effect, not suitable for larger CSNPs
(Moreno, Barriuso et al. 1994). While it is believed that this mechanism will be suitable for other
biological systems, these systems need to be examined (experimentally or via simulation) to
quantify the effective dipole moment and luminescent response. Overall, this inexpensive and
label-free NP sensor has the potential to be coupled with different surface ligands for the detection
of small molecules, enzymes, antibodies, and aptamers with high sensitivity and reliability in
clinical and POU diagnosis settings.

106

Chapter 6. Conclusions, Future Work, and Other Projects
6.1. Conclusions
As a direct result of economic demand and the growing need for less disintegrated and
more patient-centered screening and diagnosis, point-of-care (POC) and point-of-use (POU)
platforms have obtained massive attraction (Kemp 2013). Detection techniques compatible with
POU testing are being continually developed to replace laboratory-based testing, particularly for
patients living in remote locations and more populated regions (Tideman, Tirimacco et al. 2014).
Apart from that, there is a global trend toward more patient-centered testing to organize the
healthcare more around the patient and not the provider. Conventional screening and detecting
systems such as ELISA and flow cytometry do not meet POC/POU platforms' criteria; therefore,
microtools and nanomaterial-based systems have attracted attention as alternatives. This
dissertation aims to develop platforms to replace of single-phase flow microfluidics and
conventionally used QD NPs by developing a two-phase droplet microfluidic system and REbased luminescent NPs. The RE-based NPs can be readily integrated into the droplet microfluidic
platform for single-cell bioimaging (droplet tracking) and analyte biosensing. The combined
micro/nano hybrid technique offer a low-cost and easy-to-use platform that is suitable for POC
applications.
In Chapters 2 and 3, RE-doped NPs were integrated into a droplet microfluidic platform
for dynamic and simultaneous screening of single cancer cells. In Chapter 2, RE-doped NPs and
fluorescently-labeled cancer cells were co-encapsulated and successfully trapped in a single-input
droplet microfluidic trapping array. The DC emissions of Eu3+- and Tb3+-doped NPs were
spectrally independent of common fluorophores (e.g., GFP, RFP) and fluorescent stains (e.g.,
Calcein AM, EthD-1), used to interrogate or track cancer cells. the fluorescent signals from the
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NPs and cells were quantified by a series of manual signal measurements and single/two-tailed
hypotheses tests verified the spectral independence. Finally, the biocompatible RE-doped NPs
were employed in a proof-of-concept experiment to perform a dose response on the effect of PTX
on single cell viability of a triple negative breast cancer cell line (MDA-MB-231) cells. The NP
tracking system has the potential to perform single cell or population-based analyses to identify
low occurrence subpopulations of cancer cells, particularly the ones that are drug-resistant. The
droplet generation capability of the NP-microfluidic hybrid system was then expanded by adding
two three droplet generators to add capability for simultaneous screening of multiple parameters
for an improved statistical response in future studies. Chapter 3 delivered a detailed study on
characterizing a triple-input microfluidic platform capable of simultaneous generation of
monodisperse droplets. To develop a low-cost and easy-to-operate platform, a gravity-driven flow
method was employed to bypass the need for using multiple (>3) syringe pumps for simultaneous
generation of droplets in three separate T-junctions. Droplet diameter was compared between
different inlets for particular oil-to-water flow ratio (F) values and across different F values, where
it was found that decreased F values result in droplet diameters increase for both gravity-driven
flow and syringe pumps. In both flow strategies, the droplet diameter was significantly different
at lower F values, whereas the diameter values were not significantly different at larger F values.
Similarly, the droplet generation rates were compared between the two approaches, where it was
found that the syringe pumps' generation rate is approximately an order of magnitude higher than
gravity-driven flow. The developed NP-integrated droplet microfluidic platform can be employed
for low-cost, rapid, dynamic and multiplexed cellular measurements in POC applications.
The applicability of the RE-doped NPs was further expanded to develop a label-free CSNP
biosensor that can be readily integrated in the droplet microfluidic platform, and can address the
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challenges involved with typically used FRET-based sensing mechanisms. The fundamental
considerations behind the design, synthesis, and characterization of the CSNP biosensor were
described in Chapter 4. The structure, shape, and size of the CSNPs were characterized using XRD
and HRTEM, where it was found that both core and core-shell NPs are spherical and possess pure
tetragonal YVO4 phase with crystallite size of 10.2 and 13.1 nm, respectively. The distance
between Eu3+ and Bi3+ dopants was optimized by studying the PL behavior of different core and
core−shell nanoarchitectures. Systematic modulation of the Eu3+ luminescence was achieved by
positioning the Bi3+ ions in the proximity of the applied electric dipoles induced by the surface
ligands. Specifically, the hybridization of Bi3+/VO43− energy levels were affected by the weak
electric dipole according to the electron-donating/accepting nature of the ligands. The changes in
the hybridization of Bi3+/VO43− energy levels alter the overlap of Bi3+/VO43− energy levels with
those of the Eu3+ ions, eventually affecting the Eu3+ luminescence. The systematic modulation of
luminescence was shown to be more effective when the Bi3+ ions were doped in a shell layer,
where they are spatially separated from the Eu3+ ions, which were doped inside the core. Chapter
5 discussed the label-free sensing capability of the developed luminescent CSNPs was then
assessed using biotin-avidin interactions as a model system. The surface of the CSNPs was
functionalized with biotin using simple carboxylic acid chemistry, and the presence of the biotin
was verified using FTIR, TGA, and zeta potential measurements. It should be noted that the CSNP
surface functionalization with biomolecule is uncomplicated owing to the hydrophilic nature of
the CSNP surface. The high affinity between the biotinylated CSNPs and avidin molecules resulted
in concentration-dependent quenching of the luminescence, with detection sensitivity as low as
7.8 nM. Sensor resistivity to complex biological matrix effects was verified with a low LOD of
34.7 nM and SNR of 11.7 in DMEM+10% FBS media. The PL intensity of known avidin
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concentrations was compared to the calibration curve predicted values to evaluate the biosensor's
robustness. The developed biosensor can readily be integrated into hand-held systems, with the
potential for multiplex recognition of different analytes through multi-RE (Eu3+/Tb3+/Dy3+)
doping. Therefore, the work described here is poised as a new technique for POU, multiplexed
biomolecule detection.
6.2. Future Work
The developed multi-input droplet microfluidics system can be utilized in drug screening
applications to simultaneously monitor the drug efficacy of different dosages/types of drugs.
Coupled with the previously developed automated analysis algorithm (Vaithiyanathan, Safa et al.
2019) the microfluidic platform can potentially offer a low-cost screening method with short
experimentation/analysis time, which is paramount in developing/screening personalized
medicine. Tailoring therapeutic strategies toward an individual genomic and proteomic profile can
help treat and prevent of complex diseases. More specifically, evaluating the mutations responsible
for specific drug resistance through molecular profiling can provide critical information for the
development of personalized treatment strategies. This results in preventing the reliance on trial
and error approached in prescribing medicine that has been proven to have harmful side effects
and adversely impact disease progression (Mathur and Sutton 2017). According to the Food and
Drug Administration (FDA), the purpose of personalized medicine should be patient classification
into subpopulations depending on their response to different therapeutic agents for a particular
disease (Mathur and Sutton 2017). Therefore, the successful application of personalized medicine
heavily depends on the development of accurate, rapid, and easy-to-use screening platforms to
enable optimal therapeutic selection. The triple-input droplet microfluidics platform discussed in
this work can be optimized to provide a simple answer to the growing need for POC application
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in personalized medicine. However, several current system limitations and upgrades need to be
addressed: 1) Due to the uneven droplet generation rate from each inlet using both gravity-driven
flow and syringe pumps (Figure 3.4), it is safe to say that the distribution of trapped droplets will
be uneven (on the already installed trapping array). In fact, this has been proven to be the case
when a triple flow-focusing junctions design was initially used, where the number of trapped
droplets from each inlet varied significantly (Table 6.1). 2) The inlet reservoir has to be upgraded
to allow for sterile handling of the cell solution. 3) There have been some limitations involving
NPs and cells settlement inside the inlet reservoir, which can adversely affect the system
throughput and tracking capabilities. The NPs/cells settlement should be addressed by either
incorporating a homogenous mixing method inside the reservoirs or modifying the NPs surface to
prevent settling issues.
Table 6.1. Trapped droplets distribution in a triple-input flow-focusing droplet microfluidics
design
Droplets’ Origins

Inlet #1

Inlet #2

Inlet #3

Counts

1647

1706

429

Percentage

42

11

44

The CSNP biosensor can be employed in various POU applications in different areas of
science, such as biomarker detection and environmental monitoring. One future project will focus
on developing a handheld POU system for detection of cyanotoxins released from harmful algal
blooms (HABs), which are a consequence of eutrophication in freshwater due to factors such as
global warming and urban waste (McPartlin, Lochhead et al. 2016, Vogiazi, de la Cruz et al. 2019).
These algal toxins pose a severe risk to human health as seafood products are consumed daily by
many people across the world. It is also possible to be exposed to algal toxins through drinking
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water and aerosolization of the sea water (Zhang, Dixon et al. 2018). Microcystin (MC), a cyclic
hepatotoxin with seven amino acids, is one of the most common and harmful cyanotoxins produced
during HABs. MC can irreversibly inhibit the serine/threonine-specific protein phosphatases (type
1 and 2A), resulting in gastroenteritis, irritation reactions, and liver disease (de Figueiredo,
Azeiteiro et al. 2004). MC exposure can occur through oral administration of contaminated
water/food, inhalation, and dermal exposure, with the response's acuity directly dependent on the
amount of MC consumed (Campos and Vasconcelos 2010). The total amount of MC-LR (the most
toxic variation of microcystins) has to be limited to 1 µg/L in drinking water according to WHO
guidelines (Li, Paidi et al. 2019). While sensitive detection of MC can be achieved using traditional
bioanalytical tools, the prolonged water sample testing time (few days to few weeks), is
problematic since the MC levels can vary daily (Fistarol, Legrand et al. 2003, Roelke, Errera et al.
2007, Chakraborty, Ramesh et al. 2016). Moreover, most of the hand-held systems, developed to
address the long testing time, utilize expensive aptamers or antibodies making them unsuitable for
POU applications (Zhang, Shikha et al. 2019). This calls for devising a rapid, low-cost, one-site,
and robust monitoring platform to evaluate the MC levels in seawater and freshwater. To achieve
this goal, the feasibility of detecting low levels of MC using a peptide-functionalized CSNP
biosensor should be first assessed.
To develop the CSNP biosensor for MC detection, different peptide sequences derived
from protein phosphatase-1 (PP1) will be synthesized to identify the optimal MC recognition
element. MC irreversibly binds to PP1 at amino acids 268-274 (268SAPNYCG274) (MacKintosh,
Dalby et al. 1995). Prior biochemical studies have found the MC specifically interacts with Cys273
on PP1 at positions 1 and 7 (Figure 6.1). A peptide-based recognition element incorporating the
amino acids at 268-273 (SAPNYC) from PP1 with a C-terminal amine and an N-terminal
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carboxylic acid has been synthesized using solid phase peptide synthesis. This peptide was then
conjugated to the YVO4:Eu3+|YVO4:Bi3+ CSNPs surface via self-assembly process by stirring the
dissolved peptide with the CSNPs in an acetonitrile solution for 4-6 h at room temperature. The
carboxylic group on the N-terminus of the peptide reacted with the terminal hydroxide groups on
the DCNP surface. DCNPs were collected by centrifugation and dried at 40 °C in vacuum. MC
detection experiments were performed for a concentration range of 10-500 nM. The peptidefunctionalized CSNPs were dispersed in DI water or freshwater mimic (0.1 mg/mL, separate
experiments), and the solution was sonicated for 30 min. Most fresh water mimic compositions

Figure 6.1. Diagram of MC-PP1 interactions. Positions 1 and 2 on microcystin interact with
amino acids 268-273 (SAPNYC) on PP1. Reproduced from (Fontanillo and Kohn 2018).
are consist of Na+, K+, Ca2+, Mg2+, SO42-, and Cl-1, and the mimic was made using previously
reported recipe (Smith, Davison et al. 2002). 100 µL of MC at different concentrations (e.g. 10500 nM, separate experiments) was then added to 400 µL of the peptide-functionalized CSNP
solution. The PL intensity of the resulting mixture was monitored over time in the presence of a
long pass filter (395 nm) under the excitation of 300 nm using a 1 cm quartz cuvette similar to the
procedure in Chapter 5. The experiments were done in triplicates for all MC concentrations, where
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a concentration-dependent increase in PL intensity was observed, suggesting that the MC exerts a
positive dipole moment at the surface of the CSNPs (Figure 6.2 A). From the results of these
experiments, the LOD of MC in DI water was calculated to be 9.6 nM (9.5 µg/L). As a control,
BSA was mixed with the peptide-functionalized CSNPs in DI water solution at two high
concentrations (100 and 500 nM) experiments where a rather significant increase in PL intensity
was observed (Figure 6.2 B). Although this change in the PL signal was not concentrationdependent, it is not possible to rule out the non-specific binding of the peptide-functionalized
CSNPs to BSA at this point, unlike the biotin-avidin assay in Chapter 5 where no non-specific
binding was observed. Another control experiment was performed with non-functionalized CSNPs
and the same concentration range of MC, where a small concentration-independent increase of the
PL intensity was observed (Figure 6.2C). This can be explained by the weak interactions of MC
with the untreated CSNP surface (Figure 5.2 C).

Figure 6.2. Peptide-functionalized CSNPs can detect MC in DI water. (A) 0.1 mg/mL of the
Peptide-functionalized CSNPs incubated with different MC concentrations in DI water. (B) 0.1
mg/mL of the Peptide-functionalized CSNPs incubated with different BSA concentrations in
DI water. (C) 0.1 mg/mL of the undecorated CSNPs incubated with different BSA
concentrations in DI water.
Similar experiments were performed in triplicates for all MC concentrations in freshwater
mimic to evaluate the resistivity of the biosensor to matrix effects, where a similar trend to DI
water experiments in PL intensity was found (Figure 6.3). Calculating the LOD in the freshwater
mimic was challenging due to the non-linear relationship between PL intensity and concentration.
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While the preliminary results are promising, the LOD achieved in the DI water solution (9.5
µg/mL) is currently above the limit of MC levels in drinking water set by WHO (1 µg/mL).
Additionally, the results of the freshwater mimic experiment and the BSA control suggest that the
peptide-functionalized CSNP is not resistant to the matrix effects. Future work on this project aims
to screen different peptide sequences derived from PP1 to identify an optimal recognition element.
Prior studies have demonstrated the importance of Ser268, Tyr272, and Cys273 in MC binding. Using
surface plasmon resonance (SPR) measurements, MC-peptide coordination will be studied to
identify this recognition element in addition to investigate the duration and stability of the binding.
After that, the peptide binding mechanism and its PL response to the presence of free ions (e.g.,
H+, Ca2+) and organic contaminants will be studied. The peptide surface coverage, the CSNP
stability with/without the peptide (and during MC conjugation) will be screened to understand
matrix effects on ligand/binding stability using methods such as PL, FTIR, and dynamic light
scattering (DLS). After verifying the sensitive and selective detection of MC in freshwater mimic
using the PL spectrometer system (FLS1000), the peptide-functionalized CSNPs will be integrated
into hand-held systems for on-site MC detection in freshwater samples.
6.3. Other Published Work
6.3.1. Catalytic Enhancement of Inductively Heated Fe3O4 Nanoparticles by Removal of Surface
Ligands
(Moura, Bajgiran et al.). Natalia S. Moura, Khashayar R. Bajgiran, Cameron L. Roman, Luke
Daemen, Yongqiang Cheng, Jimmy Lawrence, Adam T. Melvin, Kerry M. Dooley, and James A.
Dorman. ChemSusChem 14, 1122–1130 (2021)
Catalysis heat control is often limited by the efficiency of material's heat transfer, which
results in loss of energy even with the recent advances in thermal engineering. Conversely,
magnetic NPs induction heating allows for heat generation at the catalyst surface, in proximity of
the reaction, and therefore reduce the dissipation-based heat waste. Unfortunately, the use of
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ligands (e.g. oleic acid, OA) in magnetic NPs (e.g. Fe3O4) synthesis hinders their optimal heat
generation, due to the interfacial ligands acting as heat sinks. To address this issue, the NP surface
treated with tetramethylammonium hydroxide (TMAOH) or pyridine (separate procedures) to
remove the OA ligands and render the surface of the NP hydrophilic. After treating the surface of
Iron oxide NPs, the induction heating effects on 1-octanol oxidation reaction were elucidated.
Treating the NP surface with pyridine resulted in approximately 2.5‐fold heat generation increase
and product yield, in contrast to unsuccessful removal of oleic acid using TMAOH. Overall, this
study found that effective surfactant removal is critical for induction heating catalysis applications,
since it increase the available surface sites and heat transfer. For this project, Khashayar R.
Bajgiran contributed to the initial PL measurements and writing of the manuscript.
6.3.2. Photoluminescence detection of symmetry transformations in low-dimensional ferroelectric
ABO3 perovskites
(Ofoegbuna, Bajgiran et al. 2020). Tochukwu Ofoegbuna, Khashayar R. Bajgiran, Orhan
Kizilkaya, Stuart A. J. Thomson, Adam T. Melvin, and James A. Dorman. J. Mater. Chem. C 8,
10767-10773 (2020)
Ferroelectricity is a symmetry-dependent property that can be suppressed at room
temperature in perovskites such as Pb-free ABO3, because of the antiferrodistortive dynamics,
which results in the centrosymmetric crystals’ favored stabilization. Thus, the crystal symmetry
can be broken by defect engineering (e.g. oxygen vacancy), where symmetry/structural transitions
can be used to adjust the local environment of A/B-site. In this work, in situ/ex situ PL
spectroscopy has been employed for systematic detection of symmetry/structural transformations
in model ferroelectric ABO3 perovskites. The optical responses baseline was calibrated by
comparing them to synthesized CaxSr1−xNbO3 NPs, which experience similar structural transitions.
Finally, the PL response data is validated by different measurements such as absorption
spectroscopy (XAS) and XRD, to back up the resultant structural changes. The developed PL
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spectroscopy technique can be employed to screen the defect- and temperature-induced
ferroelectric transitions by directly monitoring the ABO3 perovskite’s local site symmetry. For this
project, Khashayar R. Bajgiran performed the lifetime measurements, contributed to the PL
analysis, and provided insight regarding the in situ/ex situ PL measurements.
6.3.3. Fluorescent Visualization of Oil Displacement in a Microfluidic Device for Enhanced Oil
Recovery Applications.
Khashayar R. Bajgiran, Shayan Sombolestani, Hannah C. Hymel, Nathalie Dante, Nora Safa,
James A. Dorman, Dandina Rao, Adam T. Melvin, In preparation
Many of the macroscale processes in oil extraction and recovery, including hydraulic
fracturing and gas/steam-assisted gravity drainage, are often controlled by the microscale
mechanisms based on wetting, adhesion, surface tension, and other relevant parameters that can
be studied using microfluidics (Lifton 2016). The number of microfluidic platforms that
incorporate fluorescence visualization of oil displacement is limited, and most of the existing
platforms suffer from the drawbacks involved with using glass, silicon, or PDMS in the fabrication
and replication processes.(Zuo, Zhang et al. 2013, Blois, Barros et al. 2015) This work aim to address these issues
by developing a microfluidic device that is capable of fluorescent visualization and analysis of
three-phase (e.g., oil/water/air) fluids in porous media. The pore network is designed to represent
sandstone reservoirs and incorporates the transparent polymer NOA81 instead of commonly used
(e.g., PDMS) to facilitate organic phase fluorescence visualization of oil removal for EOR
applications. The approach incorporated fluorescence tracers (rhodamine 110 in the water and Nile
red is the decane) to distinguish between the aqueous, oil, and air phase in the fluidic channels.
Surface tensiometry measurements were performed to confirm that the addition of the fluorescent
tracers in the aqueous and oil phases did not affect their surface tension, which is crucial for
developing an unbiased platform for EOR applications. To study the oil/water/air interface in the
microfluidic channels, the device was first flooded with decane followed by the injection of
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deionized (DI) water and then air. All three phases (air, aqueous, and organic) were successfully
visualized inside the microfluidic channels using fluorescent microscopy with low qualitative and
quantitative signal overlap between the phases. As a proof of concept, oil displacement was
visualized at different air inlet flow rates (1000-5000 µL/h) for the three phase system followed
by quantification of oil recovery using ImageJ. Using the microfluidic approach, it was found that
increasing the air flow rate result in a significant increase in the amount of recovered oil. The
developed platform can offer an accurate representation of the reservoir conditions while allowing
for fluorescence visualization of multi-phases, which results in a cost-effective, easy-to-use, and
flexible tool for different EOR studies.
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Appendix A. Supplemental Material for Chapter 2
A.1. Development of Microfluidic Devices: Soft Lithography and PDMS Replications
The microfluidic devices were developed by a combination of soft lithography and PDMS
replication. The geometry of the device was designed with AutoCAD software prior to fabrication.
A two-step soft-lithography was used to fabricate the silicon master: starting with generating the
bottom fluidic layer using a negative photoresist polymer, SU-8 2025 (Microchem). The SU-8 was
deposited on a clean 4” silicon wafer and baked at 65 °C for 10 min followed by a second bake at
95 °C for 20 min. After cooling down, the wafer was exposed to UV light with 1.2 mW/cm2 power
intensity for 40 s using an iron oxide/chrome photo mask (Front Range) to create the fluidic
channels. The wafer was baked again at 65 °C for 15 min and at 95 °C for 30 min, post UV
exposure. These steps were repeated to generate the top trapping layer. The silicon wafer was
developed with an SU-8 developer solution (Microchem) to remove the uncrosslinked SU-8 to
produce the microfluidic patterns. The wafer was hard baked at 150 °C for 30 min to increase
wafer durability.
PDMS replicas (Slygard 184, Ellsworth Adhesives) were generated by mixing the base
agent in a 10:1 ratio with the curing agent, followed by degassing in a vacuum chamber to create
a bubble-free mixture. This PDMS was poured on the silicon master and was cured for at least 6 h
at 65 °C. Once cured, the PDMS was removed from the wafer, and the inlet and outlet ports were
punched using a blunted 18-gauge needle. The PDMS replicas were permanently bonded to 25X75
mm glass slides (Corning) using a O2 Harrick Plasma PDC-32G basic plasma cleaner with a 30 s
exposure to plasma. The devices were left overnight to ensure proper bonding between the PDMS
and the glass. The fluidic channels in the microfluidic device were made hydrophobic by Aquapel
treatment. Aquapel was manually injected into the device using a filtered syringe with excess
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Aquapel flushed out using Novec 7500 oil (3M). The channels were dried by blowing nitrogen
and the resultant device was ready to be used for on-chip experim
A.2. Supplemental Figures

Figure A.1. (A) Determination of Tb3+-doped luminescent NPs on cellular viability. MDA-MB231 cells were incubated with Tb3+-doped NaYF4 NPs at 37°C for 4 h (top row) and 12 h
(bottom row) followed by live/dead staining using 2.5 µM Calcein AM (green, middle column)
and 4 µM EthD-1 (red, right column). (B) Observation of cell viability in no-NP control
experiment for 4 h and 12 h. Scale bar is 300 µm.
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Figure A.2. Visualization of no spectral overlap between Eu3+-doped NPs and red fluorescent
protein (RFP). Eu3+-doped NaYF4 NPs (magenta) co-encapsulated with RFP-expressing MDAMB-231 cells (red). Eu3+-doped NPs are depicted in magenta to distinguish from the RFP-MDAMB-231 cells (red). * denotes NPs and # denotes cells in the droplet. Scale bar is 70 µm.
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Figure A.3. Visualization of no spectral overlap between Tb3+-doped NPs and fluorescent cells.
(A) Tb3+-doped NaYF4 NPs (blue) co-encapsulated with GFP-expressing HeLa cells (green).
Tb3+-doped NPs are depicted in blue to distinguish from the GFP-HeLa cells (green). (B) Tb3+doped NaY4 NPs (green) co-encapsulated with RFP-MDA-MB-231 cells (red). (C) Spectral
independence of EthD-1-stained dead cells with Tb3+-doped NPs using filter set 2. Live cells
remained colorless in (C-i, rhodamine) and dead cells are shown in red due to EthD-1 (C-ii). *
denotes NPs and # denotes cells in the droplet. Scale bar is 35 µm.

122

Figure A.4. Quantification of the spectral independence of Tb3+-doped NPs with fluorescent
cells. (A) Line scan across the droplet shows independent peak for Tb3+-doped NPs (blue), a
GFP-HeLa cell (green). Note: Tb3+-doped NPs are depicted in blue to distinguish from GFP
(green). (B) Spectral independence of Tb3+-doped NPs (green) with an RFP-MDA-MB-231 cell
(red). (C) Live (i) and dead (ii) MDA-MB-231 cells co-encapsulated with Tb3+-doped NPs. *
denotes NP and # denotes cell and their corresponding signal intensities across the droplet. Scale
bar is 35 µm.
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Figure A.5. Tracking dose-dependent response of single MDA-MB-231 cells to different doses
of PTX. Cells were treated with three doses of PTX, off-chip; stained for viability with EthD-1
and co-encapsulated with three corresponding NPs in individual experiments on the single-input
droplet microfluidic platform. A) 10 µM PTX treatment tracked by Eu3+-doped NP, B) 50 µM
PTX treatment tracked by Tb3+-doped NP and C) 100 µM PTX treatment tracked by undoped
NP. Full and dashed white arrowheads pointing at live and dead cells. Scale bar is 70 µm. Note:
Eu3+-doped NPs in A) are depicted in magenta to distinguish from the dead cells (red).
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A.3. Supplemental Tables
Table A.1. Spectral independence of Eu3+-doped NPs with GFP, RFP, EthD-1. Average S:N
ratio values of Eu3+-doped NPs, GFP-HeLa cells, RFP-MDA-MB-231 cells, dead cells and their
spectral independence within their detection filters and other commonly used filter sets. N/A
denotes not applicable.
Example Case

Figure 7 (A)-i

Category

ROI

FITC
Filter

Rhodamine
Filter

Filter Set
1

Filter
Set 2

GFP HeLa

The only
ROI

6.54

1.21

1.01

1.69

Europium
NP

N/A

N/A

N/A

N/A

N/A

4.78

1.09

0.99

1.28

1.18

1.05

5.56

1.15

GFP HeLa
Figure 7 (A)-ii

Figure 7 (B)-i

Figure 7 (B)-ii

Figure 7 (C)-i

Figure 7 (C)-ii

Europium
NP

Distinct
ROI

RFP MDAMB-231

The only
ROI

1.10

5.32

1.23

1.11

Europium
NP

N/A

N/A

N/A

N/A

N/A

1.14

3.97

1.36

1.11

1.02

1.34

5.21

1.09

1.02

1.14

1.07

1.19

1.03

1.12

4.57

1.01

1.16

7.89

1.54

1.07

1.12

1.17

3.28

1.16

RFP MDAMB-231
Europium
NP
Live MDAMB-231
Europium
NP
Dead MDAMB-231
Europium
NP

Distinct
ROI

Distinct
ROI

Distinct
ROI
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Table A.2. Spectral independence of Tb3+-doped NPs with GFP, RFP, EthD-1. Average S:N
ratio value of Tb3+-doped NPs, GFP-HeLa cells, RFP-MDA-MB-231 cells, dead cells and their
spectral independence within their detection filters and other commonly used filter set.
Example Case
Figure S3 - (A)

Figure S3 - (B)

Filter Set
1
1.03

Filter
Set 2
1.27

0.99

1.09

1.01

3.52

Distinct
ROI

0.90

4.03

1.12

1.08

0.92

1.21

1.04

3.36

Distinct
ROI

1.06

0.84

0.97

1.02

0.99

1.05

1.13

3.59

Distinct
ROI

0.96

6.97

1.32

1.15

1.09

0.97

1.07

3.28

GFP HeLa

Distinct
ROI

Terbium NP
RFP MDAMB-231

Live MDAMB-231
Terbium NP

Figure S3 (C)-ii

Rhodamine
Filter
0.98

ROI

Terbium NP
Figure S3 (C)-i

FITC
Filter
5.02

Category

Dead MDAMB-231
Terbium NP

Table A.3. Single/two-tailed hypotheses statistics for the analysis of threshold values of average
S:N ratio values of Eu3+-doped NPs and GFP-HeLa cells. ‘µ(S:N)’ denotes mean S:N ratio values
Null hypotheses: 3<µ(S:N )<7.5; 3<µ(S:N)<10; µ(S:N)<1.5 for respective cases (i.e. the average S:N
ratio values fall within the range). Alternate hypotheses: the average S:N ratio values do not fall
within the given range. P value <0.05 rejects the null hypothesis in favor of the alternate,
whereas larger p values fail to reject the null hypotheses.

Cases
Eu3+ doped
NP
GFP - HeLa
Filter Set 2
Rhodamine
filter

Average S:N ratio
value (AU)
4.34 (Filter Set 1)
1.06 (FITC filter)
5.86 (FITC filter)
1.12 (Filter Set 1)

Null
Hypothesis
3<µ(S:N)<7.5
µ(S:N)<1.5
3<µ(S:N)<10
µ(S:N)<1.5

pvalue
>0.90
>0.90
>0.90
>0.90

1.04

S:N ratio value - Standard
Deviation (AU)
1.26
0.09
2.22
0.19
Other filters
0.15

µ(S:N)<1.5

>0.90

0.98

0.45

µ(S:N)<1.5

>0.90
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Table A.4. Single/two-tailed hypotheses statistics for analysis of threshold values of average S:N
ratio values of Eu3+-doped NPs and RFP-MDA-MB-231 cells. ‘µ(S:N)’ denotes mean S:N ratio
values. Null hypotheses: 3<µ(S:N)<7.5; 3<µ(S:N)<10; µ(S:N)<1.5 for respective cases (i.e. the
average S:N ratio values fall within the range). Alternate hypotheses: the average S:N ratio
values do not fall within the given range. P value <0.05 rejects the null hypothesis in favor of the
alternate, whereas larger p values fail to reject the null hypotheses.

Cases
Eu3+ doped
NP
RFP-MDAMB-231
Filter Set 2
FITC
filter

Average S:N ratio
value (AU)

S:N ratio value - Standard
Deviation (AU)

Null
Hypothesis

pvalue

1.12
0.08

3<µ(S:N)<7.5
µ(S:N)<1.5

>0.90
>0.90

1.89
0.17

3< µ(S:N)<10
µ(S:N)<1.5

>0.90
>0.90

1.06

Other filters
0.09

µ(S:N)<1.5

>0.90

1.11

0.08

µ(S:N)<1.5

>0.90

4.61 (Filter Set 1)
1.24 (Rhodamine
filter)
5.41 (Rhodamine
filter)
1.19 (Filter Set 1)

Table A.5. Single/two-tailed hypotheses statistics for analysis of threshold values of average S:N
ratio values of Eu3+-doped NPs and dead MDA-MB-231 cells (EthD-1-stained). ‘µ(S:N)’ denotes
mean S:N ratio values. Null hypotheses: 3<µ(S:N)<7.5; 3<µ(S:N)<10; µ(S:N)<1.5 for respective cases
(i.e. the average S:N ratio values fall within the range). Alternate hypotheses: the average S:N
ratio values do not fall within the given range. P value <0.05 rejects the null hypothesis in favor
of the alternate, whereas larger p values fail to reject the null hypotheses.

Cases
Eu3+ doped
NP
EthD-1
Filter Set 2
FITC
filter

Average S:N ratio
value (AU)
4.28 (Filter Set 1)
1.01 (Rhodamine
filter)
6.41 (Rhodamine
filter)
1.28 (Filter Set 1)

S:N ratio value - Standard
Deviation (AU)

Null
Hypothesis

pvalue

1.63
0.21

3<µ(S:N)<7.5
µ(S:N)<1.5

>0.90
>0.90

2.47
0.21

3< µ(S:N)<10
µ(S:N)<1.5

>0.90
>0.90

1.10

Other filters
0.07

µ(S:N)<1.5

>0.90

1.03

0.13

µ(S:N)<1.5

>0.90
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Table A.6. Single/two-tailed hypotheses statistics for analysis of threshold values of average S:N
ratio values of Tb3+-doped NP and GFP-HeLa cells. ‘µ(S:N)’ denotes mean S:N ratio values. Null
hypotheses: 2.5<µ(S:N)<6; 3<µ(S:N)<10; µ(S:N)<1.5 for respective cases (i.e. the average S:N ratio
values fall within the range). Alternate hypotheses: the average S:N ratio values do not fall
within the given range. P value <0.05 rejects the null hypothesis in favor of the alternate,
whereas larger p values fail to reject the null hypotheses.
Cases
Tb3+ doped
NP
GFP - HeLa
Filter Set 1
Rhodamine
filter

Average S:N ratio
value (AU)
3.64 (Filter Set 2)
1.06 (FITC filter)
5.39 (FITC filter)
0.97 (Filter Set 2)

Null
Hypothesis
2.5<µ(S:N)<6
µ(S:N)<1.5
3<µ(S:N)<10
µ(S:N)<1.5

pvalue
>0.90
>0.90
>0.90
>0.90

1.03

S:N ratio value - Standard
Deviation (AU)
0.96
0.04
2.02
0.82
Other filters
0.06

µ(S:N)<1.5

>0.90

1.08

0.17

µ(S:N)<1.5

>0.90

Table A.7. Single/two-tailed hypotheses statistics for analysis of threshold values of average S:N
ratio values of Tb3+-doped NPs and RFP-MDA-MB-231 cells. ‘µ(S:N)’ denotes mean S:N ratio
values. Null hypotheses: 2.5<µ(S:N)<6; 3<µ(S:N)<10; µ(S:N)<1.5 for respective cases (i.e. the
average S:N ratio values fall within the range). Alternate hypotheses: the average S:N ratio
values do not fall within the given range. P value <0.05 rejects the null hypothesis in favor of the
alternate, whereas larger p values fail to reject the null hypotheses.

Cases

Average S:N ratio value
(AU)

S:N ratio value - Standard
Deviation (AU)

Null
Hypothesis

pvalue

Tb3+ doped
NP
RFP-MDAMB-231

3.59 (Filter Set 2)
0.98 (Rhodamine filter)
4.89 (Rhodamine filter)
1.06 (Filter Set 2)

1.16
0.08
1.15
0.11

2.5<µ(S:N)<6
µ(S:N)<1.5
3< µ(S:N)<10
µ(S:N)<1.5

>0.90
>0.90
>0.90
>0.90

1.02

0.15

µ(S:N)<1.5

>0.90

0.96

0.26

µ(S:N)<1.5

>0.90

Other filters
Filter Set 1
FITC
filter
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Table A.8. Single/two-tailed hypotheses statistics for analysis of threshold values of average S:N
ratio values of Tb3+-doped NPs and dead MDA-MB-231 cells (EthD-1-stained). Null hypotheses:
2.5<µ(S:N)<6; 3<µ(S:N)<10; µ(S:N)<1.5 for respective cases. ‘µ(S:N)’ denotes mean S:N ratio values
(i.e. the average S:N ratio values fall within the range). Alternate hypotheses: the average S:N
ratio values do not fall within the given range. P value <0.05 rejects the null hypothesis in favor
of the alternate, whereas larger p values fail to reject the null hypotheses.

Cases
Tb3+ doped
NP
EthD-1
Filter Set 1
FITC
filter

Average S:N ratio
value (AU)
3.44 (Filter Set 2)
0.96 (Rhodamine
filter)
6.18 (Rhodamine
filter)
1.03 (Filter Set 2)

S:N ratio value - Standard
Deviation (AU)

Null
Hypothesis

pvalue

0.86
0.34

2.5<µ(S:N)<6
µ(S:N)<1.5

>0.90
>0.90

2.31
0.15

3< µ(S:N)<10
µ(S:N)<1.5

>0.90
>0.90

1.19

Other filters
0.25

µ(S:N)<1.5

>0.90

1.06

0.11

µ(S:N)<1.5

>0.90
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Appendix B. Supplemental Material for Chapter 3
B.1. Supplemental Figures

A)

B)

C)

Figure B.1. Quantification of gravity-driven flow rates as a function of height using a single
aqueous inlet in the absence of oil flow. The average inlet flow rate was measured for each inlet
by dividing the dispensed reservoir volume over time, for a single active aqueous inlet 1 (A,
333.3 µL/h), 2 (B, 466.6 µL/h), or 3 (C, 633.3 µL/h). All inlet reservoirs were positioned 125 cm
above the device.

A)

B)

C)

Figure B.2. Quantification of gravity-driven flow rates as a function of height using two aqueous
inlets in the absence of oil flow. The average inlet flow rate was measured for each inlet by
dividing the dispensed reservoir volume over time, for two active aqueous inlets 1 and 2 (A, 200
and 366.7 µL/h, respectively), 1 and 3 (B, 200 and 433.3 µL/h, respectively), or 2 and 3 (C, 200
and 266.7 µL/h, respectively). All inlet reservoirs were positioned 125 cm above the device in all
experiments.
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Figure B.3. Quantification of gravity-driven flow rates as a function of height using three
aqueous inlets the absence of oil flow. The average inlet flow rate was measured for each inlet by
dividing the dispensed reservoir volume over time, for three active aqueous inlets 1 (100 µL/h), 2
(166.7 µL/h), and 3 (233.3 µL/h). All inlet reservoirs were positioned 125 cm above the device
in all experiments
B.2. Supplemental Tables
Table B.1. The ANOVA on mean droplet diameters for each aqueous inlet for specific oil-towater ratio (F) value using gravity-driven flow. The ANOVA indicated that droplet diameter are
not significantly different at any given F value confirming monodispersed droplets generated
from all aqueous inlets. p-value was set to 0.05 for all tests.

F

Null Hypothesis

F-value

Pr > F

Accept/Reject Null

0.25

Mean1=Mean2=Mean3

0.84

0.43

Accept

0.5

Mean1=Mean2=Mean3

0.23

0.79

Accept

1

Mean1=Mean2=Mean3

2.74

0.07

Accept

2

Mean1=Mean2=Mean3

0.32

0.73

Accept
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Table B.2. ANOVA on mean droplet diameters for each aqueous inlet for two different oil-towater ratio (F) values using gravity-driven flow. The ANOVA confirmed that droplet diameters
were significantly different for four different F values with the exception being the comparison
between F values of 1 and 2. p-value was set to 0.05 for all tests.

F

Null Hypothesis

F-value

Pr > F

Accept/Reject Null

0.25 vs. 0.5

Mean diameters are equal between
inlets across the two f values

70.9

0

Reject

0.25 vs. 1

Mean diameters are equal between
inlets across the two f values

95.75

0

Reject

0.25 vs. 2

Mean diameters are equal between
inlets across the two f values

82.6

0

Reject

0.5 vs. 1

Mean diameters are equal between
inlets across the two f values

9.2

8.9E-8

Reject

0.5 vs. 2

Mean diameters are equal between
inlets across the two f values

8.4

3.7E-7

Reject

1 vs. 2

Mean diameters are equal between
inlets across the two f values

1.3

0.27

Accept

Table B.3. ANOVA on the mean droplet diameters for active aqueous inlets 1 and 2 for specific
oil-to-water ratio (F) values using syringe pumps. The ANOVA found that droplet diameters
were not significantly different at three F values with the exception of F = 4. p-value was set to
0.05 for all tests.

F

Null Hypothesis

F-value

Pr > F

Accept/Reject Null

4

Mean1=Mean2

7.03

0.01

Reject

8

Mean1=Mean2

0.73

0.4

Accept

12

Mean1=Mean2

0.38

0.54

Accept

16

Mean1=Mean2

0.01

0.92

Accept
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Table B.4. ANOVA on the mean droplet diameters for active aqueous inlets 1 and 3 for specific
oil-to-water ratio (F) values using syringe pumps. The ANOVA that droplet diameters were not
significantly different at all given F values. p-value was set to 0.05 for all tests.

F

Null Hypothesis

F-value

Pr > F

Accept/Reject Null

4

Mean1=Mean2

1.27

0.26

Accept

8

Mean1=Mean2

0.01

0.92

Accept

12

Mean1=Mean2

2.91

0.09

Accept

16

Mean1=Mean2

1.5

0.23

Accept

Table B.5. ANOVA on the mean droplet diameters for active aqueous inlets 2 and 3 for specific
oil-to-water ratio (F) values using syringe pumps. The ANOVA found that droplet diameters
were not significantly different at three F values with the exception of F = 12. p-value was set to
0.05 for all tests.

F

Null Hypothesis

F-value

Pr > F

Accept/Reject Null

4

Mean1=Mean2

0.51

0.48

Accept

8

Mean1=Mean2

1.83

0.18

Accept

12

Mean1=Mean2

17.14

1.02E-4

Reject

16

Mean1=Mean2

0.19

0.66

Accept
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Table B.6. ANOVA on the mean droplet diameters for all three active aqueous inlets for a
specific oil-to-water ratio (F) value using syringe pumps. The ANOVA found that droplets
diameter was not significantly different for all F value, confirming monodispersed droplets
generated from all aqueous inlets. p-value was set to 0.05 for all tests.

F

Null Hypothesis

F-value

Pr > F

Accept/Reject Null

4

Mean1=Mean2=Mean3

2.07

0.13

Accept

8

Mean1=Mean2=Mean3

0.88

0.42

Accept

12

Mean1=Mean2=Mean3

0.07

0.93

Accept

16

Mean1=Mean2=Mean3

1.43

0.24

Accept

Table B.7. ANOVA on mean droplet diameters for each aqueous inlet comparing two different
oil-to-water ratio (F) values using syringe pumps. The ANOVA found that droplet diameters
were significantly different for all comparisons with the exception of when F = 12 and 16 are
compared. p-value was set to 0.05 for all tests.

F

Null Hypothesis

F-value

Pr > F

Accept/Reject Null

4 vs. 8

Mean diameters are equal between
inlets across the two f values

63.86

0

Reject

4 vs. 12

Mean diameters are equal between
inlets across the two f values

127.59

0

Reject

4 vs. 16

Mean diameters are equal between
inlets across the two f values

151.07

0

Reject

8 vs. 12

Mean diameters are equal between
inlets across the two f values

17.26

7.4E-14

Reject

8 vs. 16

Mean diameters are equal between
inlets across the two f values

25.01

0

Reject

12 vs. 16

Mean diameters are equal between
inlets across the two f values

0.59

0.27

Accept
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Table B.8. ANOVA comparing mean droplet diameter for three active aqueous inlets for droplets
generated by either gravity-driven flow or syringe pumps. No significant difference was found at
the two larger F values, whereas a significant difference was found for the two smaller Fa
values. p-value was set to 0.05 for all tests.

F-GF

F-SP

Null Hypothesis

F-value

Pr > F

Accept/Reject Null

0.25

4

Mean diameters are equal between
inlets across the two f values

14.71

5.02E-12

Reject

0.5

8

Mean diameters are equal between
inlets across the two f values

9.41

5.87E-8

Reject

1

12

Mean diameters are equal between
inlets across the two f values

1.03

0.4

Accept

2

16

Mean diameters are equal between
inlets across the two f values

0.94

0.46

Accept
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Appendix C. Supplemental Material for Chapter 4
C.1. Supplemental Figures
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Figure C.1. Logarithmic lifetime plots of different core and core-shell NPs. (A)
nonfunctionalized C1, C1-NH2, and C1-NO2. (B) nonfunctionalized C2, C2-NH2, and C2-NO2.
(C) CS1, CS1-NH2, and CS1-NO2. (D) CS2, CS2- NH2, and CS2-NO2. (E) nonfunctionalized
CS1, and CS1-Biotin nanoparticles. The excitation and emission wavelengths for each sample
can be found in table 1.
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Appendix D. Supplemental Material for Chapter 4
D.1. Supplemental Figures

Figure D.1. Characterization of the Biotinylated CSNPs. (A) PL excitation and emission spectra
of biotinylated v. non-functionalized NPs showing a quenching of the luminescence due to the
presence of biotin at the CSNP surface (B) FTIR spectra of non-functionalized CSNPS and
biotin functionalized CSNPs. (C) Zeta-potential measurements of biotinylated v. nonfunctionalized CSNPs. (D) Thermogravimetric analysis (TGA) of non-functionalized and
biotinylated CSNPs demonstrate that most of the surface biotin combusts at 300°C. From this,
the surface coverage of biotin was calculated to be 0.35 µmol/mg of CSNPs. (E) Photograph of
the 0.1 mg/mL biotinylated versus non-functionalized CSNPs showing the qualitative differences
in dispersity.
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Figure D.2. Linear fit at low concentration range (10-100 nM) for avidin detection in (A) DI
water (LOD: 7.8 nM) and (B) DMEM + 10% v/v FBS (LOD: 34.7 nM).

Figure D.3. (A) UV-Vis spectra of different concentration of avidin showing minmal light
absorption at excitation (~300 nm) and emission (~619 nm) of CSNPs (B) Logarithmic lifetime
plots of CSNP with increasing concentrations of avidin. The lifetime values for each
measurement can be found in table S1.
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Figure D.4. (A) 0.1 mg/mL of biotinylated NP sensor exhibiting small variations in the presence
of BSA in DI water. (B) 0.1 mg/mL of non-functionalized CSNPs showing negligible changes in
the presence of avidin in DI water.

Figure D.5. Effects of biotinylated CSNP concentration in avidin sensing. Different
concentrations of biotinylated CSNPs were incubated with 1 µM of avidin for 5 min.
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Figure D6. Goodness of fit of the calibration curves fitted to logistic sigmoid curves for avidin
detection in (A) DI water and (B) DMEM + 10% v/v FBS.
D.2. Supplemental Tables
Table D.1. The fitting parameters for calibration curves fitted to logistic sigmoid curves for
avidin detection in DI water and DMEM + 10% v/v FBS.
Parameters
Imin

DI Water
4405.3

DMEM + 10% FBS
3427.1

Imax

83053.9

25755.2

C0
h
s
R2

19
1.4
0.5
0.99

5.6
-4.4
0.07
0.96
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Table D.2. Signal-to-noise (SNR) values of 0.1 mg/mL biotinylated CSNPs calculated in DI
water and complex biological fluids.
Solution
DI Water
DI Water + 10% FBS
DMEM
DMEM+10% FBS
QD-FRET
Molecular-FRET

SNR
25.1
12.2
18
11.7
~32
11.2
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Reference
This work
This work
This work
This work
9
10

Appendix E. Permission to Use Copyrighted Materials
E.1 Permission to Use Chapter 2 Full Article
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E.2 Permission to Use Chapter 4 Full Article
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